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1. Introduction 
1.1 Motivation 
 
The lithium ion battery has since its commercialization in the early 90's been at the 
frontier as a battery choice for small portable applications (like cell phones, iPad and 
iPod’s). However, lithium ion batteries are also one of the more promising candidates 
for larger applications, like electric vehicles (EV’s) and hybrid electric vehicles (HEV). 
Lithium metal has a very low density, which is very useful for large scale operations, as 
it provides for low volume and light weight batteries. Fig. 1.1 illustrates the benefits of 
lithium ion compared to other battery technologies in terms of energy density. Lithium 
metal is also among the more electronegative metals (-3.04 vs. H2/H
+ [1]), meaning it 
can achieve very high open circuit potentials, leading to a high power output and 
increased energy density.  
 
 
Figure 1.1. Volumetric and gravimetric energy density (for different battery 
technologies) [2]. 
 
The choice of anode material (defined during the discharge process) is more or less 
dominated by carbons. There are vast amounts of different carbon materials, all of 
which have slightly different properties. In addition, there are various ways to modify a 
carbon surface (i.e. by heat treatment or surface modifications) that to a large extent can 
tailor the material to either store large amounts of energy or be able to reversibly 
intercalate lithium at high rates. High rates would be very attractive with regards to use 
in EV’s, as this would be very beneficial for faster charge and discharge. 
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The intercalation process in carbon is known to occur mainly through the edge and 
defect sites [3-5]. A higher fraction of edge planes would therefore be beneficial for 
higher charge rates, and there are clear experimental data indicating that a higher 
fraction of edge planes reduces the charge transfer resistance [6]. The downside is that a 
higher fraction of edge planes also causes a significantly higher irreversible capacity 
loss (ICL) due to increased electrolyte reduction and film formation [7]. In terms of 
achieving higher charge rates one must consider other factors as well, such as electrode 
porosity, electrode density (or loading), and particle size [8]. Knowledge of these 
factors, perhaps especially fraction of edge/defects would prove most valuable in the 
study of graphite electrodes for lithium ion batteries.  
 
Selection of appropriate electrolytes is of vital importance when producing a full sized 
battery. The electrolytes can largely influence the batteries performance. Lithium salts 
dissolved in various ratios of organic components are usually utilized in full cell lithium 
ion batteries these days. A good electrolyte must have high conductivity and be stable in 
a wide electrochemical operating window. Carbons are generally not stable in these 
electrolytes at low potentials. Below a certain potential the electrolyte starts to 
decompose and form a film on the carbon surface which acts as a passivation layer and 
protects the carbon from further reactions with the electrolyte.  This passivating film 
was termed the solid electrolyte interphase (SEI) in the late 70’s [9]. The SEI is very 
important, both in the electrochemical performance, but also for the thermal stability of 
the lithium ion battery system. Ideally, it should behave like a solid electrolyte, meaning 
it should be both electronically insulating (to prevent further electrolyte reduction) and 
ionically conductive (to allow for fast lithium ion transport). The composition of the 
SEI can vary drastically depending on different parameters such as; formation 
conditions, surface properties of the graphite, and electrolyte composition. Therefore, 
the SEI is in the center of attention in most lithium ion battery research and it is perhaps 
one of the main reasons why these systems still can be so complex to study. 
 
The challenge in the study of these materials lies in the extraction of important 
information about the surface properties and relating this to the electrochemical 
performance, and increasing the knowledge and understanding about the interplay 
between surface properties and electrolyte. The goal is to improve properties like low 
temperature performance, electrochemical performance, safety and thermal stability. 
These matters can all be related to the surface properties and electrolyte and the 
formation of the SEI. 
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1.2 Aim of work 
 
When studying the thermal stability and electrochemical performance of graphite 
anodes in Li-ion batteries, it is natural to start by identifying important parameters that 
provide good electrochemical performance (long cycle life and high capacity) and 
improved thermal stability (high onset temperature for exothermic reactions) in the 
graphite material. With regards to cycle life the cell is generally considered dead after a 
capacity fade to about  80 % of initial nominal capacity [10]. 
 
Density functional theory (DFT) is a relatively new method which has been employed 
to investigate the ratio of edge/basal planes and defects on the surface of the graphite. 
The goal is to relate these parameters with their impact on the initial capacity loss and 
the formation of the protective film. Furthermore, there are few studies connecting these 
properties with thermal stability, which would be quite interesting to investigate as well. 
More specifically, the first part of the thesis aims to study the properties of various 
graphites with different surface morphology, and relate this to their electrochemical 
performance and their thermal stability. In order to investigate the thermal stability of 
the system differential scanning calorimetry (DSC) has been used. 
 
The composition of the electrolyte can, in addition to surface properties, have a large 
impact on the composition and the properties of the SEI. This will affect the 
electrochemical performance and determine the long term stability of the graphite. For 
Li-ion batteries used in EV’s it is also important that the system can handle temperature 
variations. With this in mind, the second part of the thesis aims to focus on various 
electrolyte choices and their effect on the electrochemical performance at various 
temperatures. DSC has also been employed here to determine the upper and lower 
operating temperature limits of the electrolytes. 
 
The SEI seems to be involved in all parts of Li-ion battery research, be it thermal 
stability, long term cycling or high capacity. The composition of the SEI has been 
thoroughly studied by others, and with regards to the electrochemical performance it is 
generally considered that the SEI is very much involved in the capacity fade over time. 
Insufficient film formation with pore passivation properties and also continued growth 
of the SEI, would both lead to increased internal resistance in the cell.  In the study of 
resistances and transport processes within a system, electrochemical impedance 
spectroscopy (EIS) is an excellent tool. However, since the impedance often have to fit 
data to equivalent circuits (EQC) in order to extract useful information, the challenge 
often lies in the choice of EQC. This is even more complicated for these systems due to 
the complex nature of the film formed on the electrode and the fact that the literature is 
much divided in their interpretation of impedance spectra. The last part of the thesis 
therefore aims to focus on the explanation of the EIS spectra observed in Li-ion 
batteries. The goal is to extract important parameters, like charge transfer resistance, 
electrolyte resistance, and film resistance and study how these resistances increase over 
time, eventually leading to capacity fade. 
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2. Lithium ion batteries 
2.1 The lithium ion battery system  
 
The lithium ion battery system consists of an anode and a cathode separated by a 
membrane soaked in electrolyte. Fig. 2.1 shows a typical discharge process. The anode 
and the cathode are defined during the discharge process, but be aware that upon 
charging the anode becomes the cathode and vice versa. During the discharge process, 
the lithium ions stored within the anode, are oxidized and move through the electrolyte 
towards the cathode. Here, they are subsequently reduced and stored within the 
material. At the same time a current moves through the outer circuit, which we are able 
to utilize. The charging process would then be the reverse of this process.  
 
 
Figure 2.1. Typical lithium ion battery system [1]. Discharge process. 
 
 
Lithium metal was initially used as anode material in lithium batteries in the early 90’s. 
Lithium is very electronegative and light weight and therefore has the potential to store 
large amounts of energy per mass. The reason for converting to lithium ion was a 
decision mainly based on safety. When lithium re-deposited on the anode during 
charging, the formation was uneven. This was mainly due to an inhomogeneous surface 
causing uneven current densities leading to so-called dendrite formation. These 
dendrites could pierce the polypropylene/polyethylene membrane separating the anode 
and cathode, causing short circuit and possible exothermic reactions (thermal runaway). 
Lithium metal was then replaced by a material able to store lithium in its ionic form 
within the structure, such as carbon. By storing ionic lithium through intercalation into a 
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“host” material instead of storing lithium in metallic form, dendrite formation could be 
avoided, and safety improved. 
 
 
Figure 2.2. Potential vs. capacity for typical lithium ion anodes and cathode materials 
[2]. 
 
Fig. 2.2 gives an overview of the potential and capacity of some of the most typical 
anode and cathode materials used in lithium ion batteries. Notably, here the anode and 
cathode are defined as negative and positive electrode to avoid the confusion mentioned 
previously. A short introduction to anode, cathode, electrolyte, current collector and 
separator follows. 
 
2.1.1 Anode materials 
 
The anode usually is some sort of host material, capable of storing lithium ions in its 
structure. The most commonly used anode material in current lithium ion batteries is 
graphite due to low price and availability. Alternatives to carbon, considering price and 
availability, include tin (Sn) and silicon (Si) which both provide high volumetric 
capacities [3]. Si and Sn have the potential to achieve much higher capacities than 
graphite. Silicon thin films deposited on nickel substrate by chemical vapor deposition 
[4], showed capacities up to 1000 mAh/g during the 3 first cycles. However, poor 
stability was observed during the next cycles, related to mechanical disintegration. It is 
believed that the strain caused by large expansion upon intercalation is the reason for 
this poor stability. To remedy these high volume expansions and the capacity loss it was 
found that decreasing the particle size was beneficial for the performance [5]. 
Nanostructured silicon prepared by physical vapor deposition [6] showed capacities 
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around 1100 mAh/g with 50 % retention after 50 cycles. A silicon-carbon composite [7] 
also showed improved performance compared to graphite, with a reversible capacity of 
about 700 mAh/g and good cyclability. Additionally, it is noteworthy that the use of 
binders improved the cyclability of Si anodes [8]. However, no large commercialization 
of silicon anodes has been implemented yet. 
 
2.1.2 Cathode materials 
 
The cathode is normally a lithium-containing species such as spinel structures (e.g. 
LiMn2O4), layered oxides (e.g. LiCoO2) and more open structures (e.g. LiFePO4). 
Although many types of cathode materials have been investigated much of the research 
can be summarized into two main categories [9]. These are 1) Layered oxides and 
spinels (like LixNi1-y-zMnyCozO2 and LiCoO2) and 2) open structures like vanadium 
oxides and olivine LiFePO4. In the latter group, Li2FeSiO4 [10] and Li2MnSiO4 [11] 
have  received some attention the past 7-8 years with promising results. 
 
The first big commercialization of lithium ion batteries came when Sony bought the 
Goodenough patent on LiCoO2 [12] in the early 90s and used it to make LiCoO2/coke 
batteries. This same basic system is still in use today in most cell phone batteries but 
capacity and performance has increased since then.  
 
One of the most used cathode material these days are NMC (LixNi1-y-zMnyCozO2) and 
lithium rich NMC based on these layered oxides. In NMC each component adds 
something beneficial and the combination of nickel, manganese and cobalt seems to 
complement each other. Obviously the amount of lithium increases the overall capacity 
but studies have shown  that more lithium in the structure also minimized the effect of 
Jahn-Teller distortions due to the fact that more lithium caused the lattice parameter to 
decrease and force manganese to want to be closer to its (4+) oxidation state rather than 
its (3+) oxidation state [13]. The nickel in NMC is generally considered the 
electroactive member, while manganese stabilizes the lattice and cobalt is mainly 
ordering the transition metals (but can also increase rate capability and conductivity) 
[9]. Manganese dissolution has been the main cause of degradation as it can dissolve 
irreversibly into the electrolyte which causes structural instability. Manganese can also 
diffuse to the anode side and become incorporated into the solid electrolyte interphase 
film, increasing the electronic conductivity, causing further SEI growth (and 
consequently capacity loss).  
 
2.1.3 Electrolytes 
 
Normal proton based electrolytes cannot be used with lithium ion batteries due to the 
wide operating electrochemical window (usually  0-4.5 V vs. Li/Li+) [1]. The electrolyte 
most commonly used is therefore a mixture of organic solvents and inorganic species 
(lithium salts). Even with the use of these solvents there is still a need for the formation 
of a protective film on graphite to further increase the window of electrochemical 
stability [14]. The solvents most commonly used are cyclic carbonates, like ethylene 
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carbonate (EC) or propylene carbonate (PC), in combination with a linear carbonate, 
like ethyl methyl carbonate (EMC), dimethyl carbonate (DMC) or diethylene carbonate 
(DEC). The most commonly used lithium salt in commercial batteries has been LiPF6, 
due to its overall good properties [1]. Fig. 2.3 shows the molecular formula for these 
solvents together with the most commonly used additive, vinylene carbonate (VC). 
 
 
Figure 2.3. Molecular formula for ethylene carbonate (EC), propylene carbonate (PC), 
ethyl methyl carbonate (EMC), diethylene carbonate (DEC) and the most commonly 
used additive, vinylene carbonate (VC) 
 
The reason for mixing linear and cyclic carbonates is to, among other things, 
compromise between the solubility of the salt and conductivity of the solution. EC and 
PC have a high dielectric constant (very polar) and are very good with regards to the 
solubility of the ionic salts in the electrolyte. However, EC and PC have a high 
viscosity, causing decreasing conductivity of the solution. Low viscosity solvents like 
EMC, DMC and DEC are therefore added to improve properties like conductivity, 
wettability and low viscosity. These solvents also have additional parameters to 
consider. With regards to safety the flash points of the respective solvents become 
important. The flash point is the temperature at which an external heat source could 
ignite the electrolyte and therefore is a very important parameter to consider when 
developing new electrolytes for lithium ion batteries. Table 2.1 summarizes some of the 
properties of these organic solvents. 
 
 
Table 2.1. Properties of some organic carbonates [1] 
 
Here Tm, Tb and Tf denote melting point, boiling point and flash point, respectively. 
 
With regards to additives there are many options. The main function of these additives 
would be to facilitate a good SEI formation, reduce capacity losses, improve thermal 
stability and prevent dissolution on the cathode [15]. Studies on the first electron 
reduction reported that the most commonly used solvents were reduced in the order, 
EC>PC>VC>DMC>EMC>DEC, and the second electron reduction VC>EC>PC [16]. 
Solvent Tm (
oC)  Tb(
oC) Tf(
oC) η (viscosity) 
 25 oC 
 ε (dielectric constant) 
25 oC 
EC 36.4 248 160 1.90 (40oC) 89.78 
PC -48.8 242 132 2.53 64.92 
DMC 4.6 91 18 0.59 (20 oC) 3.107 
DEC -74.3 126 31 0.75 2.805 
EMC -53 110 - 0.65 2.958 
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There seems to be a close link between the potential at which solvents undergo 
reduction and the electron affinity (EA). It is therefore natural that EA is an important 
parameters to consider with regards to development of new SEI forming additives [17]. 
 
2.1.4 Current collector 
 
The electrolyte used in lithium ion batteries (LIB) demands a certain stability in terms 
of the choice of current collector. Based on price and stability in the given potential 
regions the natural choice and most used current collector today are Cu for the negative 
electrode and Al for the positive electrode. Cyclic voltammograms of Al and Cu in a 
typical LIB electrolyte system show that Cu experiences high current densities at high 
potentials vs. Li/Li+ (around 3.3 V vs. Li/Li+), which is believed to be related to 
oxidation and dissolution of Cu, and that Al has very small current density in the same 
region, which is related to formation of a good passivating oxide film, protecting against 
oxidation [18]. At low potentials vs. Li/Li+ (close to 0 V vs. Li/Li+), Al shows very high 
current around 0 V vs. Li/Li+ related to Li and Al alloying. Cu shows no large currents 
in this region. Studies of electrochemical behavior and passivation of current collectors 
for use in lithium ion batteries was recently reviewed [19]. 
 
2.1.5 Separators 
 
The main purpose of the separator in a lithium ion battery is first of all to prevent direct 
contact between the two electrodes, so as to avoid a short circuit, and at the same time 
provide good conductivity across. In addition, it is important that it remains stable 
towards the electrolyte components and temperature variations (high chemical and 
thermal stability). Throughout this thesis the choice of separator has remained constant 
since any investigations of separator are beyond the scope of these studies. A 
microporous trilayer membrane (PP/PE/PP) from Celgard (Celgard 2320) was selected. 
This separator has a thickness of about 20 μm and a porosity of 39 %. 
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2.2 Carbon 
 
Carbon has the potential to form many different types of bonds (sp, sp2 and sp3 
hybridization), and can therefore exist in several structures. The most common 
allotropes of carbon are diamond, fullerenes and graphite. Even though carbon 
nanotubes have shown some promise with higher capacities than graphite (possibility of 
LiC2, which theoretically would mean capacities of 1116 mAh/g), they suffer from high 
irreversible capacity and a poor voltage profile [20]. Graphite therefore remains the 
most used and relevant allotrope with regards to electrode material for lithium ion 
batteries. 
 
2.2.1 Properties of graphite 
 
In graphite carbon has sp2 (tetrahedral) hybridization which gives it a layered structure 
where the carbon layers are stacked in sequence. If the sequence is ABAB, then the 
graphite takes the crystallographic form of hexagonal graphite (Fig. 2.4). The surface 
perpendicular to the c-axis is commonly called the basal plane, while the surface 
parallel to the c-axis is called edge plane (or prismatic surface). The electronic 
properties of edge and basal surfaces are quite different, which will influence the 
electrochemical reactivity [21]. An ABCABC stacking gives a rhombohedral graphite. 
The bonds between the atoms are of both covalent and metallic character within each 
layer. The layers are linked by a weak van der Walls interaction produced by a 
delocalized π-orbital. The distance between C-C bonds is 1.42 Å with an interplanar 
distance of 3.354 Å [21]. In addition, we also have an amorphous carbon form which is 
similar to graphite in bonding and structure, but have no long range order. Graphite is 
anisotropic meaning it is a good electrical and thermal conductor within the layers, but 
poor electrical and thermal conductor perpendicular to the layers (this is due to the weak 
van der Walls bonding and no orbital overlap to form a partly filled conduction band) 
[22]. This anisotropic behavior makes graphite a good candidate for intercalation 
compounds, such as in lithium ion batteries.  
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Figure 2.4. Crystal structure of hexagonal graphite. Modified from [23]. 
 
 
2.2.2 Graphite as anode material in lithium ion batteries 
 
Graphite is most used as anode material in lithium ion batteries due to a relatively high 
reversibility (theoretical capacity of 372 mAh/g). Carbon materials that are able to 
reversibly store lithium in its structure are often divided into “graphitic” and “non-
graphitic” [24]. They both have the basic bonding and structure of graphite, but 
graphitic is more ordered (long range order) while non-graphitic carbon has no long 
range order. The difference between non-graphitic and amorphous carbon is that non-
graphitic still contains areas with crystalline phase linked together by amorphous 
phases. Non-graphitic can be further divided into hard and soft carbons. The difference 
between hard and soft carbons is their ability (or inability) to reform the structure and 
crystallize upon heat treatment. Hard carbons cannot reform the crystal structure due to 
the cross-linking between crystalline areas effectively inhibiting any reformation. Soft 
carbons on the other hand can crystallize and, if heat treated to around 3000 oC, will 
achieve an almost perfect crystalline structure. Most carbon materials will contain both 
graphitic and non-graphitic structures, but the most important difference (and most 
observable difference) is the charge/discharge behavior, which is explained further in a 
separate section. 
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2.3 Intercalation and exfoliation 
 
Eq. 2.1 shows the general electrochemical reaction for lithium intercalation. 
 
    n x nxLi   C xe   Li C
             (2.1) 
   
When lithium ions approach the carbon surface, electrons from the current source 
reduces the carbon host, making them slightly negative [25]. The lithium then positions 
itself between the hexagonal graphite sheets in the carbon to maintain charge neutrality. 
Upon intercalation the graphite crystal structure goes from AB (hexagonal) to AA 
stacking [26, 27].  Notably, studies on highly oriented pyrolytic graphite (HOPG) shows 
that intercalation occurs mainly through the edge site and that intercalation through 
basal planes occurs mainly on defect sites [28-30]. 
 
Lithium graphite intercalation compounds (Li-GIC), as they are commonly called, faced 
a few challenges in the beginning. Propylene carbonate (PC), which was a very 
commonly used electrolyte, would cause destruction of the carbon at around 0.8 V vs. 
Li/Li+ (exact voltage is determined mainly by the carbon surface and charge current), 
leading to a physical disintegration [31]. This destruction of carbon with PC was termed 
“exfoliation” [32-37]. Exfoliation can also lead to delamination between the carbon 
material and the current collector, making them inactive with regards to lithium storage 
(causing significant capacity loss), and is very common in PC based electrolytes [38]. A 
very important discovery was made in the early 90’s, when they found that ethylene 
carbonate (EC) could replace PC as electrolyte, and thereby form a passivating film 
which protected the graphite from further exfoliation [39]. This surface film was 
originally termed solid electrolyte interphase (SEI) by Peled [40] (who first described 
this film forming on alkali and alkaline earth metals in a non-aqueous lithium battery 
system and its resulting effect on the kinetics). 
 
In graphite, the reasons for the different behavior between EC and PC have been 
attributed to the extra methyl group in PC causing additional strain between the graphite 
sheets since PC is a species very similar to EC on a molecular level [41]. Besenhard 
et.al [42] studied the film formation on graphite anodes in lithium ion batteries and 
proposed a mechanism for exfoliation of graphite by solvent co-intercalation (and 
consequent decomposition) in EC containing electrolyte. Electrolyte species would co-
intercalate during the first lithiation cycle, forming so called graphite intercalation 
compounds (GIC), whose formation would cause huge expansion in the graphite matrix 
and consequently cause exfoliation. In the same process the reduced electrolyte species 
would also form a protective layer (or film) which prevented further co-intercalation 
after the initial cycle. 
 
Aurbach et.al found that this mechanism of co-intercalation was accurate for ether based 
solutions [43], but they discovered (or proposed) that the mechanism was different for 
PC based electrolytes and claimed that the electrolyte decompositions occur more in 
cracks and crevices [44]. 
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During lithium intercalation into the graphite structure, the space between the graphene 
layers has to expand in order to give room for the intercalated lithium ion. The 
interlayer distance between the layers in graphite is typically around 0.33 nm [21], and 
XRD studies of lithium intercalated graphite [45] show how the interlayer distance 
increases upon intercalation. DFT studies on the ternary GIC energy for EC and PC [46] 
show how lithium solvated by only EC would require an intermolecular distance of 
about 0.69 nm. Lithium ions solvated with PC would require around 0.85 nm. This 
would mean an expansion of over 100% in order for the lithium intercalation 
compounds to fit in the graphite structure. The difference in Li-GIC’s radius of solvated 
EC vs. PC is very interesting and could go a long way in explaining why EC causes 
considerably less exfoliation of graphite compared to PC. GIC takes up a lot of space 
during the initial film formation process according to Besenhards model [42]. However, 
it is generally accepted that after this initial film formation process, intercalation occurs 
only after the GIC has removed its solvation sheath. This process is commonly termed 
de-solvation and is believed to be among the main contributors to the overall activation 
energy [47-51]. High-resolution transmission electron microscopy (HRTEM) and X-ray 
diffraction (XRD) studies of the microstructure of intercalated graphite (LiC6)[52] 
showed a lattice constant of about 3.7 Å (0.37 nm), indicating an expansion of around 
10 %.  
 
2.3.1 Charge/discharge characteristics 
 
The charge/discharge characteristics are very different for graphitic and non-graphitic 
structures. Upon intercalation of lithium ions into a graphitic structure, the lithium ions 
position themselves between the carbon layers, causing expansion accompanied by a 
phase transition from AB (hexagonal) /ABC (rhombohedral) stacking to AA stacking 
[26, 27], as previously mentioned. In a typical galvanostatic curve during intercalation, 
it can be observed that the voltage remains constant for a long period of time during 
constant current at several different potentials, producing voltage plateaus (Fig. 2.5). 
This phenomenon is called “staging” [24] (initially proposed by Besenhard [34]) and is 
a thermodynamic effect that is mainly attributed to two things; Van der walls expansion 
of the graphene layers [53] and lithium-lithium interactions. “Staging” is therefore very 
typical for carbons with high degree of graphitization. XRD studies of lithium 
intercalated graphite [45] also show how the interlayer distance follow the theory of 
stage formation in GIC. 
 
 
 14
 
Figure 2.5. Stage formation during intercalation of graphite. Galvanostatic curve (left) 
and Voltammetric curve (right). Obtained from [24], which is a reproduction from 
Besenhard [34]. 
 
As mentioned previously, non-graphitic carbon is usually divided into soft 
(graphitizable) and hard (non-graphitizable) carbons, and they both have different 
voltage profiles compared to graphite. The most recognizable difference is that they 
have no voltage plateaus, which is a characteristic of the “staging” phenomenon. Soft 
carbons (like turbostratic carbons and cokes) generally exhibit lower capacities 
compared to what is theoretically achieved in pure graphite (372 mAh/g). However, 
upon heat treatment they show characteristics that become increasingly similar to 
graphite and “staging” [54].  
 
Some carbonaceous materials also show capacities higher than that of graphite [55-58], 
which would suggest a different model of lithium storage. In Fig. 2.6 the differences 
between the charge/discharge characteristics for synthetic graphite, petroleum pitch 
(soft/hard carbon but with high hydrogen content) and resole resin (hard carbon) are 
presented [58].  
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Figure 2.6. Reprinted from [58]. Second charge/discharge cycle with; (A) Synthetic 
graphite; (B) Petroleum pitch; and (C) Resole resin 
 
Synthetic graphite (Fig. 2.6A), which in this case is soft carbon heat treated to above 
2400 oC, shows voltage plateaus characteristic of “staging”. The staging is not as abrupt 
as the galvanostatic curve in Fig. 2.5, but more smooth in its transition between the 
different stages. This arises mainly from the fact that some carbon particles provide 
faster (or slower) intercalation than others, so that we have no clear transition where 
every particle is at a certain stage (phase distribution). 
 
The petroleum pitch (Fig. 2.6B) shows a large hysteresis in the voltage vs. capacity 
curve. This hysteresis was thoroughly studied [55, 59-61] and related to the hydrogen 
content. A clear correlation with increased reversible charge and hydrogen content was 
observed. It was suggested that high hydrogen content would allow lithium to bind in 
the vicinity of these hydrogens in the hydrogen containing carbons and change the bond 
structure [55, 58, 60].  
 
The hard carbon (resole resin) (Fig. 2.6C) has a relatively large reversible capacity, but 
a low flat potential plateau, very close to the lithium potential, which suggests weakly 
bonded lithium [58].  
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There are several models suggesting possible mechanisms for lithium storage above the 
theoretical value for graphite. To explain the behavior of hard carbon in Fig. 2.6C, a 
“house of cards” model was suggested [62]. Here it is proposed that lithium is adsorbed 
on both surfaces of single sheets, allowing for more lithium storage. Another study 
suggested the existence of covalent Li2 molecules in the carbon structure [56]. The 
discovery that mild oxidation of synthetic graphite increased performance was 
suggested to be due to improved SEI formation and accommodation of extra lithium at 
the zigzag and armchair edges and nanovoids [63, 64]. A model somewhat similar [65], 
suggested that lithium is doped at the edge of the graphitic layers, and on the surface of 
the crystallites. Another possible explanation for the accommodation of extra lithium 
was in the study of the high capacity of heat treated phenolic resin, which was able to 
intercalate up to C2Li. This was attributed to a higher interlayer distance of 3.7-4.0 Å 
[57]. In conclusion, there are many possible explanations for the accommodation of 
lithium above the theoretical value of graphite. It seems that the literature is somewhat 
divided on the matter. 
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2.4 Solid electrolyte interphase 
 
The choice of electrolyte can have a major impact on the batteries’ performance, not 
only because of difference in conductivity and wettability, but also due to the properties 
of the solid electrolyte interphase (SEI). The two most important properties of a good 
SEI film are: 1) electronically insulating (prevent further reduction) 2) ionically 
conductive (allowing lithium ions to pass through). The SEI is known to mainly consist 
of decomposed species from the electrolyte [66] and consequently the composition of 
the SEI is very electrolyte dependent. In addition, the SEI will also have different 
properties depending on the formation conditions, like charge current and temperature 
[67], and it can also be sensitive to the actual graphite surface. XPS studies show that 
the thickness and composition of the SEI is very different on the basal planes compared 
to the edge planes of graphite [68]. The SEI on edge planes is generally thicker and also 
consists of more inorganic compounds than on the basal planes. Thickness of the SEI 
film was measured with atomic force microscopy (AFM) [69] to be about 250 
Ångstroms, but the thickness is determined by the electron tunneling range [40]. 
Therefore, reported values can typically be between twenty to several hundreds of 
Ångströms [70]. The properties of the SEI also appear to change with degree of 
lithiation of the graphite. XPS analysis has shown that the SEI is dynamic in its 
behavior [71] . After 3 cycles of operation the SEI, in its de-lithiated state, was thicker 
and contained more Li2CO3 or semi-carbonates compared to a sample in a lithiated 
state. 
 
There have been numerous studies investigating the species involved. This has been 
reviewed recently [72], and will be, together with some of the main properties of the 
SEI, discussed in more detail in the following sections.  
 
2.4.1 Irreversible capacity loss 
 
The irreversible capacity loss (ICL) during the first cycle of operation has also been 
related to the SEI and its thickness. The main mechanism leading to ICL is assumed to 
be capturing of lithium ions in the SEI during formation, rendering certain active areas 
of the graphite unavailable for lithium intercalation. It is commonly believed that the 
SEI is mainly formed during the first cycle and continues to grow during operation. 
However, a study investigating the growth rate after initial SEI formation with a high 
precision coulometry [73] found that the SEI grows as a function of t1/2 , independently 
of number of cycles (this assumes we are at a potential where electrolyte reduction 
occurs, around 0.25 V vs. Li/Li+). 
 
The SEI also seemed to grow faster with increasing temperature and the charge 
consumption during formation was larger for materials with a higher surface area. This 
means that the main factor influencing the amount of SEI and continued growth is the 
actual surface area of the graphite. Studies have showed a linear relationship for the 
formation of SEI and ICL with the total surface area [74], as measured by BET 
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(Brunauer, Emmet, Teller) [75]. An increase in surface area would lead to an increase in 
ICL, and thereby an increase in SEI thickness. Recently there has been more focus on 
the amount of edge planes vs. basal planes in graphite and its effect on the ICL [76], as 
it is the edge planes (and defects) that are believed to be more active sites with regards 
to SEI formation. 
 
2.4.2 Composition and mechanism 
 
The SEI consists of many different species which can be divided into two main 
categories: 
 
1) Inorganic compounds, like LiF and Li2CO3. LiF is mainly a salt reduction product 
(LiPF6, LiBF4 and LiAsF6), but can also be formed due to reactions of impurities in 
the electrolyte (like trace amounts of H2O) with the initially formed film [77, 78]. 
Li2CO3 is a possible reduction product of EC/PC, but it can also be formed upon 
storage by reaction with the initially formed film with trace H2O [79] 
 
2) Organic compounds (semi-stable) like lithium-alkyl carbonates and lithium semi-
carbonates formed by either a two electron reduction of the solvents, or single 
electron reduction, followed by a radical termination [80]. 
 
The reduction of EC is proposed to have a reaction mechanism as given in Fig. 2.7 [15]. 
 
 
Figure 2.7. Reduction mechanism for EC. 
 
EC is reduced, in a ring opening process, to a radical anion (RA) with two further 
possible reaction paths. Reaction path 1 produces an abundance of Li2CO3 and ethylene 
gas formation (for PC reduction this would be propylene gas). Reaction products of 
reaction path 2 provide more organic compounds. Whether reduction of EC/PC follows 
path 1 or 2 is largely dependent on the graphite surface, as studies on SEI composition 
on graphite have shown that the SEI on basal planes consists mostly of organic species, 
while on the edge planes there are more inorganic species, like Li2CO3 [68]. It is also 
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noteworthy that EC reduction was found to occur at two different voltage stages [67, 
81]. The first reduction occurred before the first lithium intercalation, creating a highly 
resistive film and a more porous structure with an SEI composition consisting of  
inorganic components [15]. The second reduction occurs at about the same voltage as 
with lithium intercalation, yielding a highly conductive SEI consisting of more organic 
components [15]. The first reduction therefore fits well with reaction path 1, while the 
second fits well with reaction path 2. This is reasonable as the two electron reduction is 
more likely to occur before any film is present, as the film would increase the tunnelling 
distance for the electrons, making reaction path 2 more competitive [80].  
 
The most typical lithium ion additive, vinylene carbonate (VC), actually works such  
that it deactivates the catalytic sites, preventing reaction path 1 from occurring, followed 
by incorporation into the SEI at lower voltages vs. Li/Li+ (in effect promoting reaction 
path 2). 
 
Since the SEI is formed in this stepwise manner it is natural that the SEI consists of 
layers with different chemical composition and morphology which is very dependent on 
the solvent used [82]. Fig. 2.8 [70] illustrates how the SEI generally consists of a dense 
inorganic layer close to the surface with a porous organic layer further out. 
 
 
 
 
 
Figure 2.8. General SEI composition [70]. 
 
Ionic conduction in the SEI occurs through migration of lithium ions in the pores. A 
more porous structure will therefore have far lower resistance and increased 
conductivity of lithium ions. An SEI consisting of more organic components will 
therefore have far better conductivity than one consisting of only inorganic species. 
(CH2OCO2Li)2, Li2CO3, LixSOy, Li2O, CH3OLi and CH3OCO2Li are considered good 
passivating agents due to their compactness and polar nature [43]. The common 
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attribute for these in addition to their polar nature, is good adhesion to the graphite 
surface, which also makes it easier to adhere to other adsorbed species. Notably, Li2CO3 
is considered an excellent passivation agent for graphite electrodes in lithium ion 
batteries. CO2 can also be used as additive to increase the amount of Li2CO3, which 
have also showed to improve performance [38]. 
 
There is an adverse relationship between lithium conductivity and SEI stability. A high 
conductivity (low resistance) SEI will in general be less passivating than a lower 
conductivity (high resistance) compact passivation layer. The presence of Li2CO3, 
although beneficial for the film passivation, will cause resistance increase. Presence of 
LiF will also increases the interfacial resistance due to low lithium ion-conductivity 
compared to the carbonates [83]. 
 
During ageing of these surface films formed in alkyl carbonates, it is believed that more 
LiF will form gradually [79]. XPS studies of LiF during cycling showed that the amount 
increased until reaching a steady state around 50 cycles [71]. Resistance increase in the 
SEI (e.g. by increased amount of Li2CO3 or LiF) could eventually inhibit the transport 
of lithium ions from electrolyte to the interior of the graphite particle. Growth and 
resistance increase of the SEI, are together with micro-exfoliation, considered the main 
reasons why lithium battery capacity fades with time. 
 
2.4.3 SEI composition as a function of temperature and current density 
 
The chemical composition of the SEI is known to change at elevated temperatures. An 
XPS study [83] of the SEI at elevated temperatures showed that for electrolytes 
containing the lithium salt, LiPF6, the amount of LiF increased with storage 
temperature. Li2CO3 is also believed to be formed at elevated temperatures due to 
conversion of meta-stable species, like lithium alkyl carbonates and semi-carbonates 
[84]. 
 
The formation of SEI at different temperatures was studied to optimize the formation 
conditions with regards to temperature and current [85]. SEI formation at elevated 
temperatures and high current densities resulted in a more porous (due to increased 
dissolution of the preliminary formed SEI), though highly conductive, SEI that would 
be less stable (with regards to self discharge etc). Consequently, formation at low 
temperatures and low current densities yielded a more compact SEI which is highly 
resistive and has poor conductivity. 
 
The optimal conditions were found to be a charging current of about 10-20 mA/g and a 
temperature of 20-35 oC. However, it is important to stress that this was for one specific 
system, and other carbon types and electrolyte systems may have other optimal 
conditions for initial SEI formation. 
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2.5 Solvation sheath and de-solvation energy 
 
When lithium ions move through the electrolyte, they are solvated by electrolyte 
species. After the initial film formation, it is generally accepted that the solvated lithium 
ion are required to de-solvate before intercalation can occur, which is the process where 
the lithium ion is separated from the electrolyte species to which it is associated. The 
de-solvation energy will most likely contribute to the overall resistance with regards to 
the lithium ion transport. In the literature there has been some recent studies 
investigating the contribution of “de-solvation” to the total charge transfer resistance in 
impedance data [47-51]. The easier it is for a solvated lithium ion to de-solvate, the 
lower the contribution to the overall resistance of the system. 
 
In Fig. 2.9 the amount of EC, in EC/DMC and EC/EMC systems, is studied as a 
function of the solvation energy [47]. The figure clearly shows how the amount of EC 
in the electrolyte increases the activation energy for de-solvation. It stabilizes at 40 % 
EC where there is enough EC in the solution to completely solvated all the lithium ions. 
 
 
 
Figure 2.9. De-solvation energy as a function of EC content [47]. 
 22
The behavior observed in Fig. 2.9 can be explained by the fact that, as long as there is 
sufficient amounts of EC molecules in the solution to completely solvate every lithium 
ion, the de-solvation energy will be higher due to the stronger affinity of EC towards 
lithium compared to the linear carbonates. This is related to the higher dielectric 
constants of the cyclic carbonates compared to the linear carbonates (see Table 2.1). 
This in turn means that it is possible to manipulate the contribution to the overall 
resistance from the de-solvation process simply by adjusting the amount of cyclic 
carbonates in the electrolyte composition. In an attempt to lower the de-solvation energy 
it was found that the presence of counter ions facilitated the de-solvation process, 
decreasing the overall resistance [46]. 
 
Since the de-solvation energy is assumed to be one of the major energy consuming 
steps, the lithium binding energy emerges as an important parameter to consider in the 
search for new additives [86].  
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2.6 Surface groups and active surface area 
 
Surface groups and active surface area (ASA) can potentially have a major impact on 
the performance of graphite in lithium ion batteries. Surface groups and ASA can 
influence the SEI formation and consequently will be responsible for ICL and 
exfoliation. 
 
Exfoliation was initially believed to be related to crystal structure, as studies saw a 
beneficial effect of high amounts of rhombohedral stacking defects suppressing 
exfoliation [87, 88]. A study with heat treatment (HT) of graphite in helium showed a 
decrease in the amount of rhombohedral stacking defects and achieved a perfect 
hexagonal structure [89]. This graphite experienced exfoliation and ICL during the first 
cycle of operation, consistent with the decrease in amount of rhombohedral phase. 
However, upon HT in an oxidizing atmosphere, which preserved the same crystal 
structure, the exfoliation and ICL decreased gradually with increasing oxidation 
temperature. The main conclusion from this is that the rhombohedral stacking faults 
seemed to have no direct influence on the exfoliation, and that exfoliation is governed 
by graphite surface properties and not the crystal structure. Notably, the crystal structure 
can still have an indirect influence by affecting the surface morphology and defects 
 
The attention was therefore directed towards the role of graphite surface group 
chemistry and its effect on exfoliation and ICL. Acidic surface groups, obtained by 
prolonged ageing in humid air, seemed to be very beneficial with regards to reducing 
exfoliation and ICL [90]. Amount of rhombohedral stacking was again showed not to 
have any significant impact. The decreased exfoliation effect observed by ageing can be 
explained by introducing a new term, the active surface area (ASA). The ASA is the 
cumulated surface area of the different types of defects present at the carbon surface 
(stacking faults, single and multiple atoms, vacancies, dislocations) [91].  Active surface 
area is usually determined by chemisorption. The process is initiated by adsorbing 
oxygen species on the surface and then removing these species by HT connected to a 
mass spectrometer that measures the amount of CO and CO2 desorbed. The surface area 
occupied by oxygen atoms can then be calculated. 
 
HT of graphite SLX 50 increased the structural ordering significantly, and ASA 
measurements showed that this value consequently decreased [92]. A low ASA value 
caused poor passivation and a high ASA was indentified as an important parameter with 
regards to surface passivation. In addition, a high ASA value allowed the surface 
passivation (electrolyte reduction) reaction to occur at more positive potentials. This 
ensures that the surface is passivated long before one reaches the potentials where 
exfoliation reactions occur. 
 
Based on these discoveries, a thorough study of the surface properties of graphite in 
relation to ASA and exfoliation was conducted [93]. The main conclusions were that 
there seemed to be an ASA threshold around 0.2 m2/g, which need to be surpassed in 
order to form a good protective film. Beyond this threshold the presence of oxygen 
groups at the surface improved the SEI formation and prevented further exfoliation. 
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The graphite atoms on the edge planes are considered more reactive since they have 
unpaired electrons able to form bonds with oxygen. As the reactivity of oxygen surface 
groups and ASA are important for an effective SEI formation, this essentially means 
that ASA is correlated with the edge plane reactivity [94]. With this in mind the newest 
addition to these studies has been nitrogen adsorption measurements evaluated by DFT 
to estimate the amount of edge/basal planes [76, 95, 96]. A recent study investigated the 
difference between mild and strong oxidation using this technique [76].  By evaluating 
the amount of edge/basal planes and defect in the graphite as a function of oxidation 
temperature they were able to suggest a mechanism explaining why oxidation up to 580 
oC decreased the amount of edge/defects. However, above 580 oC they observed a 
further increase in amount of edge planes. Fig. 2.10 shows how this could work by a 
difference in mild and strong oxidation. The mild oxidation only “attacked” defect and 
edge sites, while the strong oxidation above 580 oC “attacked” the basal planes. This 
left behind large pores which increased the amount of edge planes once again. 
 
 
 
 
 
 
Figure 2.10. Mild and strong oxidation scheme adapted from [76]. 
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3. Experimental techniques and graphite 
powder characteristics 
 
There are numerous different methods used for the study of lithium ion batteries. In the 
following sections the main tools utilized to study the surface properties of graphite, 
thermal and electrochemical performance will be briefly presented. The specific 
experimental parameters will be described in more detail within the chapter where that 
specific method has been used. 
 
3.1 Surface properties 
 
The various graphites tested are commercial, like SLP30 (TIMCALTM) and G8, P5 
(Cpreme), and as supplied from Elkem Carbon (A2/H2). The difference between A2 
and H2 is the milling type. A2 used an Alpine mill (jet mill) while H2 used a Hicom 
mill (high intensity tumbling mill). Although the A2/H2 all were heat treated between 
2300- 3000 oC in N2 atmosphere to achieve a higher degree of graphitization, some of 
the A2/H2 samples experienced further heat treatment, where the minimum temperature 
was known to be 2650 oC (and up to 3000 oC) . These are denoted A2-2650 and H2-
2650 in this work. The following sections will go through some of the most used 
methods in the study of the surface properties of these graphite materials. 
 
3.1.1 BET Surface area  
 
BET is a surface area technique that uses N2 adsorption at varying pressures to 
determine the total surface area of a sample. BET can also be used to determine the pore 
size distribution. The method assumes that adsorption isotherm vs. pressure (relative to 
equilibrium pressure) is in the linear region. This assumption is usually correct if p/p0 is 
between 0.05 and 0.35 [1]. It also assumes that the sample is energetically homogenous, 
meaning that Nitrogen is adsorbed with equal amount of energy on the entire surface of 
the sample. 
 
3.1.2 Density functional theory 
 
Density functional theory (DFT) can, by utilizing adsorption isotherms, provide an 
estimate for the amount of edge, basal or defect planes in graphite. This method was 
recently employed by Placke et.al [2]. The model was originally developed by Ross and 
Olivier [3] and deals with nitrogen adsorption data on heterogeneous surfaces of the 
same compound. The experimental adsorption isotherms, Q (p), are measured with 
standard nitrogen adsorption equipment. Then the value for q(p,e), which is the 
theoretical adsorption at a given adsorption potential and pressure, is evaluated/obtained 
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by non local DFT [4]. The value for amount adsorbed at the different surface energies, 
f(ε), is then de-convoluted according to the following equation:  
 
    ( ) ( , ) ( )Q p q p f d        (3.1) 
 
The model assumes that the surface is inhomogenous with respect to nitrogen 
adsorption, which implies that edge planes in graphite will have different adsorption 
energies compared to basal planes or defects. Therefore, one can evaluate the 
contribution to the surface area at different adsorption energies, and to some extent 
obtain the relative ratio of edge/prismatic, defects and basal planes of the graphite 
sample. The main assumption with this method is that the surface behaves 
heterogeneously. Estimation of edge/basal/defect surface area has been shown to fit well 
with experimental data for synthetic graphite, natural graphite and carbon blacks [5]. 
 
For this work, a TriStar 3020 from Micromeritics was used for the nitrogen adsorption 
data and the following DFT evaluations (which are embedded in the software).  
 
3.1.3 Pore size distribution 
 
According to IUPAC [6] macropores are defined as pores with pore width exceeding 50 
nm, micropores are pores with pore width below 2 nm, and mesopores have pore widths 
in intermediate sizes (less than 50 nm, but higher than 2 nm). Pore size is important in 
lithium ion batteries since micropores are too small to be active with regards to lithium 
intercalation. However, studies have shown that almost all of the graphite mesopores 
are wetted by the electrolyte and  are a part of the electroactive surface area [7]. With 
this in mind it becomes very useful to investigate just how much mesopores and 
micropores a graphite sample contains, so that one can determine the actual surface area 
active in the electrochemical processes. 
 
A semi-empirical method for determining micropores from Nitrogen gas adsorption 
isotherms was developed by HK (Horvath and Kawazoe) [8] in the early 80's. In this 
model it is assumed that the potential energy between the adsorbate and adsorbent, 
which can have some spatial distribution, are replaced by a mean potential energy. By 
using thermodynamics they are able to relate this average potential to the free energy of 
adsorption, creating a relation between filling pressure and pore width. They relate this 
mean energy with an equation describing how certain pore sizes/shapes have a 
characteristic pressure at which they are filled.  However this method underestimates 
the pore size of micropores and mesopores (since it bases its calculation on macroscopic 
scale) and a two stage method was developed to improve upon this [9]. Due to the 
challenges with the HK method, estimation of micro/mesopores using DFT is generally 
considered a better approach, yielding more accurate values [10, 11]. 
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3.1.4 Particle size distribution 
 
Particle size distribution (PSD) was investigated with a CamsizerXT from Retsch 
Technology, and the values are given in Table 3.1. The particle size distribution was 
measured at the facilities of one of the industry partners, Elkem Carbon. For 
comparison, the d90 of the commercial graphites (TIMCALTM for SLP30 and Cpreme 
for G8/P5) were added. The measurements of the d90 with the Camsizer are consistent 
with the supplied information from the manufacturer of the commercial graphites. 
 
 
Table 3.1.  Particle size distributions. 
Carbon type CamsizerXT PSD 
(From Retsch Technology) 
From the 
manufacturer 
 d10 (μm) d50 (μm) d90 (μm) d90 (μm) 
SLP30 8.9 16.2 28.7 32 
G8 5.3 8.8 14.6 12-18 
P5 4.2 6.7 9.9 9-13 
A2 5.9 11.1 20.4  
H2 6.1 10.8 17.3  
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3.1.5 Electrode density 
 
Different types of carbon powders have been investigated in this study. Many of the 
characterization studies can only be applied to the actual carbon powders, but in reality 
(full sized battery) these are made into slurries and casted onto a Cu-foil. A property 
which would be useful for manufacturing is the electrode density, which is basically 
how much carbon powder you can fill into a certain volume. This is especially 
important for EV’s, as you want to increase the volumetric energy density as much as 
possible. Depending on the powder properties the actual electrode density can vary 
between different carbon powders. The electrode densities with standard deviation for 
the cast used in this work are listed in Table 3.2. DFT/BET surface area measurements 
are also listed together with DFT estimated surface area of pores. Notably, DFT surface 
area estimates are slightly higher compared to BET. This difference arises mainly from 
the difference in their assumptions. Mainly BET assumes that N2 adsorbs 
homogenously, while DFT assumes heterogeneous adsorption, as previously discussed. 
 
Table 3.2. Electrode density and BET/DFT surface area measurements. 
Carbon type BET surface 
area 
(m2/g) 
Total DFT 
surface area 
(m2/g) 
Total DFT 
surface area of 
pores >14.83 Å 
(m2/g) 
Electrode 
density* 
(g/cm3) 
SLP30 6.16 6.47 2.41 0.775 ± 0.026 
G8 1.79 1.88 0.61 1.068 ± 0.019 
P5 3.48 3.69 1.23 1.072 ± 0.074 
A2 22.52 25.42 8.95 0.757 ± 0.069 
A2-2650 9.68 11.07 3.92 0.787 ± 0.034 
H2 26.71 29.69 10.62 0.756 ± 0.027 
H2-2650 12.17 12.86 4.71 0.794 ± 0.020 
 
To increase electrode density it is common to perform calendaring on the electrode, 
which compresses the graphite electrode, consequently increasing the density. This has 
been showed to decrease the ICL and the reversible capacity of graphite, in addition to 
exhibiting a slight decrease in chemical diffusion with increased electrode density [12]. 
 
Table 3.3 shows the effect of calendaring on the electrode density of a cast made of an 
older batch of A2. The calendaring was performed on rubber rolls with a force of 
60kN/m. The rolls were rotating at a speed of 10 m/s. 
 
Table 3.3. Effect of calendaring on an older batch† of A2. 
Carbon type Electrode density 
(g/cm3) 
BET surface area 
(m2/g) 
A2 0.705 ± 0.031 19.60 
A2 (after calendaring) 0.932 ± 0.001 19.60 
                                                 
* Bulk electrode density calculated by total weight, including PVDF and carbon black, divided by total 
volume 
† Note the difference in BET surface area  between this batch and the one in Table 3.2 
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Notably, the electrode density increased with calendaring. Another interesting result is 
that the standard deviation for the calendared samples was drastically reduced. This can 
be attributed to a more uniform thickness of the entire cast vs. the samples which were 
not calendared. 
 
3.1.6 Oxygen content 
 
Amount of oxygen on the surface of some of the different graphites was estimated using 
a TC-436 oxygen-nitrogen analyzer from LECO (Table 3.4). A recent study [13] 
investigated the effect of oxygen content with regards to the irreversible capacity loss, 
but found no clear correlation. The noticeable difference is the decrease in O2 % with 
heat treatment, is related to a decreased amount of edge planes and defects at the 
expense of basal planes, as this is the main site where the oxygen groups are able to 
form. 
 
Table 3.4. Oxygen content. 
Carbon type Oxygen content (%) 
SLP30 0.183 
A2 0.299 
A2-2650 0.009 
H2 0.395 
H2-2650 0.007 
 
3.1.7 X-ray diffraction 
 
With respect to carbon, X-ray diffraction (XRD) is mostly used as a tool to investigate 
the degree of graphitization. The Lc value refers to the crystallite size perpendicular to 
the graphene layers, while the La value refers to crystallite size along the graphene 
layers. The d value refers to the distance between the graphene layers, also called the 
interlayer distance. Large values of La and Lc is correlated with a high degree of 
graphitization (long range order). If these values are low, we have no long range order 
and the material is considered amorphous. For natural graphite the Lc value is more than 
1000 Å and the d value is 3.354 Å. For artificial graphite the Lc value is below 1000 Å 
and the d value is above 3.36 Å [14]. The interlayer distance, d, in amorphous carbon is 
twisted or rotated, and the number of hexagonal rings that consists of a crystallite is far 
less than in natural graphite. Therefore, the distance between the layers is far larger, and 
by examining this distance with XRD you get an indication of how well your sample is 
graphitized. The interlayer distance is calculated from Bragg’s law and the Lc value is 
usually estimated from the full width at half maximum (FWHM) using the Scherrer 
equation. In general Lc values are usually taken from the 00l (hkl, where h and k = 0) 
diffraction line, while the La value is taken from the hk0 diffraction line [15]. Due to 
poor diffraction properties of carbon with respect to X-rays, the signal to noise ratio is 
very low. The measurements are also very sensitive to sample thickness as this can 
contribute to peak broadening. There is however a method developed to circumvent this 
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issue, published by Iwashita [16],  which extracts information from carbon samples 
using a silicon standard as reference.  
 
Since the La and Lc values can be different depending on which orientation that is 
chosen (002 will yield different results compared to 004 due to random stacking of 
crystallites), it is usually recommended to report values as Lc (002), so that the reader 
knows which orientation has been used for the calculations. 
 
Fig. 3.1 shows a typical XRD pattern for graphite SLP30. By comparing the intensities 
of the (101) hexagonal and (101) rhomboehedral diffraction lines [17], the amount of 
rhombohedral phase can be estimated. In the figure, the Lc value is commonly estimated 
from the (002) peak. 
 
 
Figure 3.1. Typical X-ray diffraction pattern of graphite SLP30 with Cu-kα1 radiation 
using a D8-focus from Bruker. 
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3.1.8 Scanning electron microscopy 
 
Scanning electron microscopy (SEM) has also been utilized in this study to capture 
images of the surface morphology. In short, this method captures a magnified image of 
your sample by bombarding it with electrons from an electron beam, which are then 
reflected back to a detector, revealing information about the surface. Usually one has 
the option to use backscattered or secondary electrons, which provide different 
information. In this work, secondary electrons have been used. SEM can also be 
combined with energy-dispersive X-ray spectroscopy (EDS), which can give 
information about surface composition, and potentially give information about the 
inorganic components of the SEI.  A typical SEM image of graphite SLP30 can be 
viewed in Fig. 3.2. 
 
 
 
 
Figure 3.2. SEM image of SLP30 powder. 
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3.2 Electrochemical methods 
 
Fig. 3.3 shows both two- and three- electrode setups commonly used in electrochemical 
testing. The two-electrode setup is used with galvanostatic cycling, but with impedance 
measurements, three-electrode setups are more convenient. This is due to the fact that 
one often wants to study only the changes occurring at one of the electrodes, the 
working electrode (WE). As soon as another electrode is added into the same system, 
such as a counter electrode (CE), a new interphase is instantly formed [18].  Impedance 
measurements with a two-electrode system would therefore record responses from both 
the WE and CE. A reference electrode (RE) therefore becomes necessary if it is desired 
to investigate only the response from one of the electrodes in an electrochemical cell. 
 
 
 
Figure 3.3. Typical electrochemical setups; a) Two-electrode cell b) Three-electrode 
cell. 
 
Normally in lithium ion battery research, lithium metal is used as both reference and 
counter electrode. Using lithium metal as a CE is reasonable since we then have the 
same half-cell reaction (dissolution and deposition of lithium) occurring at each 
electrode, making the composition of the electrolyte more or less unaltered. The actual 
properties of a CE and reference electrode are well explained in a book by Southampton 
electrochemistry group [19], however a short summary will be presented. For a CE it is 
very important that the surface area is such that the half-cell reactions occurring here do 
not limit the half-cell reaction occurring at the WE, which in our case is the graphite. 
This is usually achieved by having a larger surface area of CE compared to the WE. For 
the reference electrode, it is important that it is located as close to the electrode of 
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interest as possible without disturbing the current path from the CE. The reference 
electrode should also be as non-polarizable as possible (meaning it doesn’t store any 
charge in the double layer, but simply allow current to flow through), such that the 
change in chemical potential is minimal. This is achieved by using an electrode with 
high surface area and low resistance, providing fast kinetics (reversible reaction). 
 
Even though Lithium metal is often used both as a reference electrode and counter 
electrode in lithium ion battery research, a recent study [20] showed the limitations of 
using lithium as a reference electrode (and counter electrode for two-electrode setups) 
due polarization occurring at high current densities (above 1 mA/cm2). The effect of 
polarization of both CE and reference is important to keep in mind as a small change in 
the reference potential could have a large impact on the performance of the different 
graphite electrodes tested. 
 
3.2.1 Galvanostatic cycling 
 
Galvanostatic cycling uses a constant current to change the chemical potential of a 
system. A constant current is supplied until a limiting voltage (vs. a reference) is 
reached. For a graphite/lithium half-cell, a constant current would be supplied to 
intercalate lithium ions into the graphite structure, decreasing the potential of graphite 
vs. Li/Li+. That current can then be reversed, applying the opposite constant current, 
until the graphite is completely empty of lithium ions (usually around 1-1.5 V vs. 
Li/Li+). By measuring the current and time it can determine how much charge was used 
to fully intercalate (or de-intercalate) the graphite and one can charge/discharge graphite 
numerous times to investigate the cycling effect of the system in question. Important 
parameters include charge/discharge rates (also termed C-rate), and reversibility of the 
system (how much of the capacity is retained after each cycle). The C-rate is determined 
by how much current is supplied compared to the maximum (theoretical) charge 
available. For graphite a constant current of 10 mAh/g would have a C-rate of C/37.2, 
assuming it reaches the theoretical capacity of 372 mAh/g. This means it would take the 
system about 37.2 hours to completely charge (or discharge). 
 
Typical initial galvanostatic curves for graphite SLP30 with 1:2:2 EC:DMC:EMC 
electrolyte, can be seen in Fig. 3.4. Notice the difference between the first and second 
cycle, around 0.8 V. This shoulder on the first cycle is attributed to electrolyte reduction 
and film formation and is not present during the second cycle, indicative of a complete 
film formation. Fig. 3.5 shows a similar curve, only here the electrolyte contains PC, a 
solvent known to cause some exfoliation before a protective film is formed. Signs of 
exfoliation are observable as a prolonged stay at higher potentials during the initial 
lithiation, as marked in the figure.  
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Figure 3.4. Initial galavanostatic curve for graphite SLP30/lithium half-cells in 1:2:2 
EC:DMC:EMC electrolyte. 1st cycle at 10 mAh/g and 2nd cycle at 46.5 mAh/g. 
 
 
Figure 3.5. Initial galavanostatic curve for graphite SLP30/lithium half-cells in 2:2:3:3 
EC:PC:DMC:EMC electrolyte. 1st cycle at 10 mAh/g and 2nd cycle at 46.5 mAh/g. 
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The potential plateaus during the initial intercalation, related to stage formation in 
graphite, are also seen in Fig. 3.4 and 3.5. However, the potentials where this occurs can 
be more clearly observed with differential capacity plots, as in Fig. 3.6 and 3.7. 
 
 
 
Figure 3.6. Differential capacity curve of the first cycle at 10 mAh/g for graphite 
SLP30/lithium half-cells in 1:2:2 EC:DMC:EMC electrolyte. 
 
 
 
Figure 3.7. Differential capacity curve of the first cycle at 10 mAh/g for graphite 
SLP30/lithium half-cells in 2:2:3:3 EC:PC:DMC:EMC electrolyte. 
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3.2.2 Electrochemical Impedance Spectroscopy 
 
Electrochemical Impedance Spectroscopy (EIS), or AC impedance as it is sometimes 
called, is an electrochemical characterisation tool which is mainly used to investigate 
the rate at which different reactions occur on an electrode surface. The interested reader 
can learn more about EIS in the book by Orazem and Tribollet [21]. 
 
The method, in short, supplies an AC current/voltage with different frequencies and 
measures the corresponding current/voltage response. To extract data, the measurements 
are usually fitted using a software, for example ZsimpWin (from Princeton Applied 
Research), with equivalent circuits (EQC) based on real physical values. Herein lays the 
greatest challenges with impedance as it may be difficult to find a system which 
provides a good fit and at the same time have physical meaning. The same system can 
in practice show good fits with many different models. Some of the more common EQC 
are listed in Table 3.5. 
 
Perhaps the most discussed circuit element is the constant phase element (CPE). Often a 
CPE is used in the fitting of impedance data when a normal capacitance shows poor 
correlation. The challenges lie in the fact that it is difficult to explain the physical 
meaning of a CPE. Hirschorn [22, 23] explains how CPE can be fitted well with a 
model of a normal power-law distribution of local resistivity with a uniform dielectric 
constant. They stress the importance of using the correct formula for any given 
distribution [24] when estimating the capacitance from CPE. The model developed by 
Brug et al. [25] deals with surface distribution of time constants having uniform Ohmic 
and charge-transfer resistances, while the model developed by Hus and Mansfeld [26] 
deals with normal distribution. A surface distribution of time constants fits well with the 
porous graphite electrode with a surface film that can have different properties on edge, 
defect and basal sites. This could justify the use of a CPE to fit the data for graphite 
electrodes in lithium ion batteries. 
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Table 3.5. Common equivalent circuit elements [27]. 
 Symbol Impedance 
Resistance R (Ohm) R  
Capacitance C (F or Ohm-1 s) 1
j C
 
Inductance L (H or Ohm s) j L  
Infinite Diffusion  Zw(Ohm) wR
j
 
Finite Diffusion Zo (Ohm) 2 2
2 2
tanh( ( ) / ( )
coth( ( ) / ( )
D D
D
D D
D
j L j L
R
D D
j L j L
R
D D
 
 
 
Constant phase element- CPE Q (Ohm-1sα) 1
( )Q j 
 
 
The inhomogeneous surface film on graphite can also cause other effects, such as an 
inductive loop at low frequencies, which has been explained by different degrees of 
lithiation for various graphite particles due to different kinetics of intercalation, caused 
mainly by a difference in the surface film [28]. This effect could be more pronounced at 
lower temperature due to decreased kinetics. If the kinetics is fast, every particle should 
be able to intercalate more or less at the same time. However, if the kinetics are slow, 
some particles may be intercalated at a different rate than others, giving rise to lithium 
concentration gradients and thereby an inductive response (there may also be a 
difference occurring at fast kinetics due to differences in active sites, SEI formation etc, 
but this would not be as visible as the kinetics are so fast). 
 
A recent review discussed the different time constants most common in EIS spectra of 
lithium ion battery systems [29]. In short, there are two main models describing the EIS 
system of lithium ion batteries; The adsorption model in Fig. 3.8 (originally developed 
by Bruce et. al [30, 31]), which states that the high frequency arc is due to solvated 
lithium partially de-solvating. The partially solvated lithium ion is then completely 
removed from its solvation sheath and enters the lattice (which would be a middle 
frequency arc), before we finally have some ion diffusion at low frequencies. 
 
The adsorption  model does not account for the well-known SEI film, and therefore a 
better model might be the surface layer model (by Aurbach's group) [33] shown in Fig. 
3.9. 
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Figure 3.8. Adsorption model from [32]. 
 
 
 
 
 
Figure 3.9. Surface layer model [33]. 
 
 
In the surface layer model the high frequency arc is attributed to the surface film, 
middle frequency is the charge transfer, and the low frequency is lithium ion diffusion 
in the graphite. While the adsorption model attributes the high frequency area to de-
solvation processes, the surface layer model attributes this to Li+ migration through the 
film. 
 
Fig. 3.10 shows the model suggested by Xu [34, 35] based on studies by Abe and 
Ogami [36, 37] stating that it is in fact the de-solvation process being responsible for the 
largest contribution to the impedance, the so called "charge transfer". This was then 
investigated experimentally by comparing activation energies of a system with and 
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without interphase, thereby being able to conclude that the de-solvation energy indeed is 
the largest contributor to the overall activation energy [38]. They calculated the 
activation energy from impedance measurements at different temperatures by plotting 
log (Rct-1) vs. the reciprocal of temperature 1/T, and the slope could be related to the 
activation energy according to Eq. 3.2 [36, 37]. 
 
 
    Ea= -19.144 * slope  (kJ mol-1)   (3.2) 
 
 
 
 
 
Figure 3.10. Model suggested by Xu et.al [35]. a) Normal convention with Li+ diffusion 
across SEI at high frequency followed by a charge transfer at the interface at lower 
frequencies b) rationale based on Abe and Ogami [36, 37] suggesting that de-solvation 
energy is responsible for a large part of the charge transfer. 
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3.3 Differential scanning calorimetry 
 
Differential scanning calorimetry (DSC) measures the difference in heat between your 
sample and a reference up to a certain temperature upon heating or cooling. If the 
sample demands less heat than the reference, we have an exothermic reaction. If the 
sample demands more heat than the reference, the reaction is endothermic.  
 
For a full cell battery, both the positive electrode (PE) and the negative electrode (NE), 
exhibit thermal responses. The contribution in terms of thermal response from PE and 
NE showed that it is the decomposition of the PE and the consequent reaction with 
electrolyte that causes thermal runaway [39]. However, it is the heat from the 
breakdown of the SEI on the NE that showed the lowest onset temperature for 
exothermic reaction in a full cell. This is important to keep in mind as this could be an 
initiator for the exothermic reactions occurring on the PE, ultimately leading to thermal 
runaway. A fully lithiated NE is often used in DSC to investigate the "worst case 
scenario" as studies on the effect of state of charge (SOC) shows that the more lithium 
left in the graphite structure after the initial SEI breakdown, the more heat is evolved, 
and the earlier is the onset temperature for structural collapse [40]. This structural 
collapse then liberates the remaining lithium ions to further react with PVDF to produce 
even more heat. A more recent study [41] relates this structural collapse to intercalation 
of solvent molecules (now made possible by initial SEI breakdown occurring around 
70-80 oC) and formation of gaseous products increasing the internal pressure upon 
further heating. The SEI breakdown, especially in LiPF6 containing electrolytes, where 
LiPF6 can decompose to LiF and PF5 [42-45] (around 70 
oC), can be facilitated by PF5 
being a strong Lewis acid and able to attack the functional groups (like the C-O group 
of (CH2OCO2Li)2) and damage the SEI at 80 
oC [46]. 
 
The main observation regarding DSC of intercalated graphite and its reactions can be 
summarized as follows [47] . 
1) Meta-stable components of the SEI decompose to stable according to Eq. 3.3-3.4. 
 
   2 2 2 2 3 2 4 2 2
1
( )
2
CH OCO Li Li CO C H CO O      (3.3) 
   2 2 2 2 3 2 42 ( ) 2Li CH OCO Li Li CO C H      (3.4) 
 
 
2) Intercalated lithium diffuse to the surface (or are exposed) and react with electrolyte 
to make stable products 
 
This process continues until all the active edge sites are blocked by stable species, such 
as Li2CO3 and LiF [40]. The remaining lithium in the structure is very active and will 
with increasing temperature eventually cause exfoliation and be released into the 
electrolyte where it finally reacts with PVDF (to form LiF and hydrogen) at high 
temperature [40]. 
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Figure 3.11. Differential scanning calorimetry; a) LiPF6/EC melting [39] b-d) 
decomposition of SEI [47] e) exfoliation of graphite [41]  followed by f) reaction of 
remaining lithium with PVDF to form LiF and hydrogen [40]. 
 
 
Fig. 3.11 summarizes the typical DSC response of fully lithiathed graphite in contact 
with electrolyte. The possible reactions in the temperature range 80-120 oC (Fig. 3.11 b-
d), in addition to Eq. 3.3 and 3.4, are Eq. 3.5 through 3.9 [41]: 
  
     6 5LiPF LiF PF        (3.5)  
      2 3 5 2 32Li CO PF CO LiF PFO        (3.6)  
    5 2 32PF traceH O HF PFO      (3.7) 
    2 3 2 22 2Li CO HF LIF H O CO      (3.8) 
    2 3 2 2Li CO Li O CO      (3.9) 
 
Notably, the reaction mechanism in Eq. 3.4 can represent all reactions with intercalated 
lithium and various electrolyte related surface species [41]. Since the breakdown of the 
SEI is affected by the amount of meta-stable species in the SEI, it is natural to believe 
that a higher amount of SEI would cause a higher thermal response. This was indeed 
confirmed by a study comparing the thermal response of  two similar graphites (with 
high and low surface area ) [40],  and by a study relating the amount of heat evolved to 
the ICL and BET surface areas [48]. 
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3.4 Other methods 
 
There are a few methods used in the study of lithium ion batteries which have not been 
utilized much in this work, but have been used a lot by others, and can provide 
important information about the system. These will be mentioned shortly.  
 
Raman is a spectroscopic technique that irradiates a sample with a laser beam causing 
“inelastic scattering”. A basic intro to Raman and carbon is found in [49]. The sample is 
exposed to monochromatic light, and due to inelastic scattering the energy of the photon 
is shifted either up or down compared to the original frequency. This shift provides 
information about vibration, rotational and other low frequency transitions in molecules. 
The shift is often characteristic of different samples, like a fingerprint. It can be used to 
identify unknown samples by comparing with known data, or in the case for graphite it 
can be used to study the shift due to graphite (G-band) structure at 1582 or disordering 
(D-band) at 1360. The D-band (disorder) appears around 1360 cm-1, while the G-band 
(graphite) appears around 1582 cm-1. The ratio of these is often taken as an indication of 
graphitization. With regards to ASA there is also a relationship between Raman La 
value and the ASA [50]. High active surface area means low La value. 
 
X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy 
(FTIR) has also been utilized a lot in the literature, mainly in the study of the surface 
film. Some notable studies with XPS are those by Kanamura [45, 51], and FTIR by 
Aurbach [52-54], who identified the main components of the SEI. Some of the main 
components identified in these studies are alkyl carbonates (RCO3Li, R = alkyl), lithium 
ethyl carbonate and Li2CO3, to name a few. 
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4. DFT assisted assessment of edge/defect 
ratios in graphite and their influence on 
the thermal stability of lithium ion 
batteries 
 
4.1 Summary 
 
Raw graphite can be processed industrially in large quanta but for the graphite to be 
useful in lithium ion batteries (LIB’s), certain parameters need to be optimized to reduce 
the first cycle irreversible capacity loss (ICL) and to increase cyclability. Some key 
parameters are graphite morphology, amount of active surface area, and particle size. 
Some of these parameters can to some extent be manipulated by surface coatings, 
milling processes or heat treatment in various atmospheres. In this study, several 
graphite materials (as received) from the industry have been investigated for use as 
anode material in LIB’s and compared with commercial graphite. These materials have 
been exposed to two different milling processes, and some of the materials were heat 
treated in nitrogen atmosphere above 2650 oC. No significant difference in capacity was 
observed, but the heat treated materials obtained a lower BET surface area, which 
resulted in lower ICL. BET combined with density functional theory (DFT) has been 
employed to study the ratio of basal to non-basal plane and to determine the relative 
amount of defects. Thermal properties have been investigated with differential scanning 
calorimetry (DSC). High ethylene carbonate (EC) content improved the thermal 
stability for graphite with high amount of edge/defect surface area, but showed no 
improvement of graphite with lower amount of edge/defects. However, high ICL 
combined with low surface area seemed to improve the thermal properties in terms of 
total heat evolved. DFT measurement combined with ICL could therefore potentially be 
used as a tool to predict thermal stability. 
 
Highlights 
 
Graphite discharge capacity has been investigated for various graphite surfaces (amount 
edge/basal/defect) and related to the thermal behavior observed with DSC. 
 
 
Keywords; lithium ion battery, graphite, thermal stability, DSC, DFT 
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4.2 Introduction 
 
Lithium ion batteries (LIB) have been used commercially since the early 90’s when 
Sony bought the Goodenough patent on LiCoO2 [1] and used it to make LiCoO2/coke 
batteries. The choice of using lithium ion batteries is mainly due to its high energy 
density (low weight and high energy). In our energy demanding society it would prove 
very useful to increase the size and change the operating conditions of the lithium ion 
battery, so that it may be used for large scale applications, such as electric vehicles 
(EV). This poses new challenges with regards to safety, cycle life and operating 
conditions.  
 
Graphite has been the main choice of anode material in lithium ion batteries because of 
its availability and low cost. The electrolytes most commonly used have been the 
combination of cyclic carbonates, like ethylene carbonate (EC) and propylene carbonate 
(PC), together with linear carbonates, like diethylene carbonate (DEC), dimethyl 
carbonate (DMC), and ethyl methyl carbonate (EMC). However, due to the instability 
of graphite in these electrolytes, there is an irreversible capacity loss (ICL) during the 
first cycle of operation mainly due to the reduction of electrolyte species. After the 
reduction, a passive film is formed, preventing further reduction and increasing the 
stability of the graphite/electrolyte interface. This film is commonly termed the solid 
electrolyte interphase (SEI) [2]. Prior to this film formation, solvent species could co-
intercalate into the graphite structure, causing exfoliation [3].  
 
The reduction product of EC, (CH2OCO2Li)2, and Li2CO3 are among the most 
passivating species due to their small size and polar nature, and are together with  
LixSOy, Li2O, and CH3OLi regarded as good passivating agents [4]. EC is therefore 
known to be a vital electrolyte component when it comes to the formation of the SEI. 
 
The surface properties of the graphite, both total surface area and amount of active 
surface area (ASA), have proven to be important parameters with regards to the first 
cycle irreversible capacity loss (ICL) [5, 6] and SEI formation and stability. However, a 
more recent study by Placke et.al [7] implemented the use of density functional theory 
(DFT) [8, 9] to determine the ratio of non-basal planes (edge/defects) vs. basal, to see 
how the amounts of defects varies with heat treatment of the graphite in oxygen 
atmosphere. They didn't see a linear increase in ICL with increasing BET as with 
previous authors [10], but they saw a strong correlation between non-basal planes and 
ICL. Another reason why the amount of non-basal plane might be useful is that 
intercalation of lithium in graphite mainly occurs through edge sites and only via 
defects on the basal planes [11-13]. A higher percentage of edge planes would therefore 
be advantageous for cycling at higher charge rates, and studies have shown that an 
increased amount of edge planes compared to basal planes reduces the charge transfer 
resistance [14]. Notably, a larger percentage of edge planes can also lead to a higher 
ICL [7]. Additionally, the surface properties can have a large effect on the thermal 
properties. Flaky morphology showed a much earlier onset temperature for exothermic 
reaction upon heating compared to round particle morphology [15]. This was attributed 
to an insufficient SEI formation, leaving many sites available for electrolyte reactions. 
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This conclusion was based on the fact that the first exothermic reaction in anode 
materials for lithium ion batteries is related to the conversion of meta-stable SEI species 
to more stable species [16], according to Eq. (4.1-4.2) 
 
  2 2 2 2 3 2 4 2 2
1
( )
2
CH OCO Li Li CO C H CO O       (4.1) 
  2 2 2 2 3 2 42 ( ) 2Li CH OCO Li Li CO C H       (4.2) 
 
 
 
Some believe that the reaction in Eq. 4.2 is more likely, as no exothermic peak was 
observed for de-lithiated samples in the temperature range of 80-120 oC [17]. As it turns 
out, the state of charge (SOC) (or degree of lithiation) can have a large impact on the 
thermal response of the anode material, and studies have shown that there is generally a 
higher thermal response for samples with high state of charge (high concentration of 
lithium) [16, 18]. Conversion of meta-stable species by ageing at various temperatures 
also improved the thermal stability (increased the onset temperature for exothermic 
reactions) [15]. XPS studies of ageing at elevated temperatures has shown an increase in 
LiF species (in LiPF6 containing electrolytes) with storage temperature [19]. In addition, 
Li2CO3 can also be formed according to Eq. (4.1-4.2) above [16]. 
It is clear that the properties of the SEI highly influence the thermal properties of the 
anode. The SEI is again highly influenced by surface area [5, 6] and formation 
conditions [20]  in addition to the electrolyte solvent [21]. 
 
It is in the scope of this paper to investigate industrially supplied graphite, exposed to 
different milling processes and heat treatments, with regards to reversible capacity and 
irreversible capacity loss (ICL). The goal is to determine the non-basal to basal plane 
ratio using DFT studies and correlate this with the varying ICL and changes in thermal 
stability. It is expected that both milling type and varying heat treatment (in N2 
atmosphere) will have an effect on the cell performance. The effect of non-basal plane 
vs. basal plane on thermal stability has been less studied and would yield important 
knowledge regarding the safety of the battery, should it have an impact. 
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4.3 Experimental 
 
Graphite SLP30 was used as received from TIMCALTM. Graphite Cpreme G8 and P5 
were used as received from CPREME. Graphite A2/H2 and A2-2650/H2-2650, supplied 
by Elkem Carbon, have undergone varying degree of heat treatments (HT). Both A2/H2 
and A2-2650/H2-2650 have undergone a graphitization process by heat treatment in N2 
atmosphere between 2300-3000 oC. However, for the A2-2650/H2-2650 the minimum 
temperature has been set at 2650 oC. The difference between A2 and H2 is mainly the 
milling method. The A-samples utilized an Alpine mill (jet milling) while H samples 
utilized a Hicom mill (high –intensity tumbling mill). 
 
The graphite electrodes were prepared by tape casting slurries consisting of 37 g active 
graphite material (SLP30/G8/P5/A2/H2), 2 g PVDF (Kynar, reagent grade), 1 g Super P 
(TIMCALTM), and 60 g 1-methyl-2-Pyrrolidinone (Sigma-Aldrich > 99.5%) onto a 10 
μm thick Cu-foil current collector from Circuit foil Luxembourg. The tape caster was a 
“K Control Coater” from Printcoat instruments. The casts were dried in a vacuum oven 
at 120 oC overnight.  
 
The electrolytes were made using 4:3:3 or 1:2:2 weight ratio of ethylene carbonate 
(Sigma-Aldrich > 99 %), ethyl methyl carbonate (Merck, > 99 %), and dimethyl 
carbonate (Sigma-Aldrich, > 99 %) with 0.9 M LiPF6 (Aldrich, >99.99 %). 
 
The electrochemical measurements were performed on coin cells from Hohsen Corp 
which were assembled and sealed inside an argon-filled glove box (O2 and H2O < 0.1 
ppm). The cells consisted of a graphite working electrode (2.01 cm2) with a loading of 
about 3 mg/cm2, separator (Celgard® 2320), and 0.75 mm thick lithium foil (1.54 cm2) 
as counter electrode. All potentials are reported vs. Li/Li+ unless otherwise specified. 
The cells were charged with a model 4200 potentiostat from Maccor at constant current 
of 10 mA/g until 5 mV vs. Li/Li+, followed by a constant current of 5 mA/g until the 
current dropped to 5 mA/g to ensure the graphite was fully lithiated. The cells were then 
discharged with constant current of 10 mA/g until 1.5 V. The cells were then cycled 
between 0.005 and 1.5 V. All experiments were performed at room temperature (18-24 
oC) unless otherwise specified. 
 
Nitrogen adsorption data was recorded with Tristar 3020 from Micromeritics to obtain 
the BET and DFT values. The evaluation of the DFT values is embedded in the 
software from Micromeritics, and follow the theory by Ross and Olivier [8, 9].  
 
Scanning electron microscopy (SEM) was performed with a Hitachi S-3400N in 
secondary electron mode. 
 
Differential scanning calorimetri (DSC) measurements were performed using a DSC 
PerkinElmer DSC 7. The temperature range for the high temperature measurements was 
from 30 to 300 oC with 2.5 oC /min heating rate. 3 samples of 5 mm diameter were cut 
out from fully lithiated graphite electrodes (after 60 cycles of operation) and placed in 
gold plated stainless steel high pressure capsules (from PerkinElmer), together with 3 μl 
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of the same electrolyte used in that specific battery system, and completely sealed inside 
an argon-filled glove box (O2 and H2O < 0.1 ppm).  
 
XRD measurements were performed with a D8- focus from Bruker, which uses Cu K 
radiation ( = 1.54 Å) and a Lynxeye detector. Samples were measured relative to a 
Silgrain SI- standard to account for instrumental broadening [22]. 
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4.4 Results 
 
Fig. 4.1 through 4.7 show DFT analysis of graphite SLP30, H2, A2 (with and without 
HT), P5, and G8. These figures show how Nitrogen is adsorbed at different energies 
depending on the surface of the graphite. The adsorption energies centered around 50-
60 K are generally attributed to the basal planes [8, 23] . Adsorption energies below 50 
K are related to the edge/prismatic planes, while those above 60 K are related to defects. 
Notably, the heat treatments cause a decrease in the amount of edge planes and an 
increase in the amount of basal planes. There is also a peak emerging at very low 
adsorption potentials for the heat treated samples, while the relative amount of defects is 
more or less unchanged. Adsorption potentials are generally determined by the 
difference in the density of adsorbent constituent atoms at the interface [8]. Extended 
heat treatment therefore seems to decrease the density of carbons at certain sites, which 
would explain the peak emerging at lower adsorptive potentials (Fig. 4.3 and 4.5).  
 
 
 
 
Figure 4.1. Incremental surface area as evaluated by a DFT analysis of nitrogen 
adsorption data for graphite SLP30. 
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Figure 4.2. Incremental surface area as evaluated by a DFT analysis of nitrogen 
adsorption data for graphite A2. 
 
 
 
 
Figure 4.3. Incremental surface area as evaluated by a DFT analysis of nitrogen 
adsorption data for graphite A2-2650. 
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Figure 4.4. Incremental surface area as evaluated by a DFT analysis of nitrogen 
adsorption data for graphite H2. 
 
 
 
Figure 4.5. Incremental surface area as evaluated by a DFT analysis of nitrogen 
adsorption data for graphite H2-2650. 
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Figure 4.6. Incremental surface area as evaluated by a DFT analysis of nitrogen 
adsorption data for graphite G8. 
 
 
 
Figure 4.7. Incremental surface area as evaluated by a DFT analysis of nitrogen 
adsorption data for graphite P5.  
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Table. 4.1. Surface area, XRD and ICL data* for graphite samples in 1:2:2 
EC:DMC:EMC + 0.9M LiPF6 electrolyte  
Graphite ICL 
(mAh/g)  
(%) 
BET 
surface 
area 
(m2/g) 
DFT 
surface 
area 
(m2/g) 
Ratio of 
prismatic(edge): 
basal plane 
(between 50-60 
K): defect 
surface area (%) 
d (002) 
(nm) 
La (002) 
(nm) 
SLP30 11.39±0.62 6.16 6.47 34.5:44.3:21.2 3.355 557 
G8 9.77±0.068 1.79 1.88 18.6:81.4:0 - - 
P5 8.59±0.42 3.48 3.69 22.6:71.2:6.2 - - 
A2 26.62±0.70 22.52 25.42 57.9:24.6:17.5 3.363 76 
A2-2650 16.48±0.18 9.68 11.07 22:61.1:16.9 3.363 102 
H2 30.53±0.54 26.71 29.69 53.7:31.4:14.9 3.364 70 
H2-2650 19.0±0.19 12.17 12.86 16.6:67.8:15.7 3.363 82 
* Capacity data are based on the average of several samples and with a 
charge/discharge current of 10 mA/g (C/37.2) 
 
BET surface area measurements, ICL, DFT and XRD values for the graphites used in 
this study are summarized in Table 4.1. The BET and the DFT surface areas are quite 
similar, although DFT surface areas give slightly higher values for all the materials. 
This difference in BET and DFT is consistent with similar studies, and is related to the 
different assumptions made in their theories [7]. These are mainly that the BET method 
assumes a homogeneous surface, while the DFT method assumes a hetrogeneous 
surface [24].  
 
One of the main observations from the data in Table 4.1 is that the ICL seems to 
increase with both increasing total surface area (Fig. 4.8) and fraction of “non-basal” 
(edge/defect) planes (Fig. 4.9). There is in fact a linear response (except for G8 which 
shows some deviation from linearity) showing a correlation between a larger surface 
area and an increase in the ICL. 
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Figure 4.8. Irreversible capacity loss (ICL) vs BET surface area for different graphite 
samples in 1:2:2 EC:DMC:EMC + 0.9M LiPF6 electrolyte. 
 
 
 
 
Figure 4.9. Irreversible capacity loss (ICL) vs. Edge/defect (non-basal) surface area for 
different graphite samples in 1:2:2 EC:DMC:EMC + 0.9M LiPF6 electrolyte. 
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Fig. 4.10 shows the estimated amount of lithium concentration per m2 of the total 
surface area for different graphite samples. The calculations are made under the 
assumption that most of the irreversible capacity loss (ICL) during the first cycle is due 
to trapping of lithium species in the SEI film and an evenly distributed SEI on edge, 
basal and defect sites. This assumption is not entirely correct as XPS studies have 
shown [25] that the SEI on the basal plane is considerably thinner and contains far less 
inorganic components compared to the SEI on the edge/defect planes, and therefore it is 
natural to assume that more lithium is trapped on edges and defects rather than basal 
sites. Some charge might also be lost due to solvent species co-intercalating during the 
first cycle, causing some exfoliation [3]. Regardless, these values should not be taken as 
the absolute amount of lithium, but more as an indirect way to compare the amount of 
lithium located on edge/basal/defect sites on the different graphite samples. The 
percentage of edge/basal and defects (obtained from DFT measurements) are also added 
to more easily illustrate how much of the total surface area these three different sites 
constitute.  
 
 
 
Figure 4.10. Estimated amount of lithium located on the edge/basal and defect sites of 
different graphite samples in 1:2:2 EC:DMC:EMC + 0.9M LiPF6. Amount of lithium is 
estimated from ICL. 
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Figure 4.11. Cumulative volume vs. pore diameter for different graphite samples. 
 
Fig. 4.11 shows cumulative pore volume as a function of pore size. It can be seen that 
the pore volume due to micropores as emerging from the DFT data is basically 
negligible, and cumulative pore volume is not significant for pores of diameter well 
below 2 nm. This indicates that the Li-electrolyte complexes are able to access all of the 
active surface area upon wetting and should be able to intercalate through exposed edge 
planes and defect sites [26]. There is a clear trend that both A2 and H2 experience a 
decrease in pore volume upon heat treatment.  
 
Fig. 4.12 shows the thermal response of fully lithiated SLP30, P5 and A2-2650 in 1:2:2 
EC:DMC:EMC + 0.9M LiPF6 electrolyte. Notably, the overall heat evolved increases 
with increasing surface area; A2-2650 > SLP30 > P5. In Fig. 4.13 only P5 and SLP30 
are plotted to illustrate a slightly lower onset peak temperature of the first exothermic 
reaction in P5 (around 101 oC) compared to SLP30 (around 108 oC). 
To further investigate the effect of surface area on the onset peak temperature for the 
first exothermic reactions, graphite G8 was studied as well (Fig. 4.14). Fig 4.15 shows a 
magnified view of the first exothermic reactions, and as is observed, there is a clear 
trend with increased onset peak temperature for the first exothermic reaction with 
increasing surface area: SLP30 (6.16 m2/g and onset peak temperature around 108 oC) > 
P5 (3.48 m2/g and onset peak temperature around 101 oC) > G8 (1.79 m2/g and onset 
peak temperature around 98 oC).  
 
Fig. 4.16 shows the thermal response of SLP30, P5 and G8 in 4:3:3 EC:DMC:EMC + 
0.9M LiPF6 electrolyte. Both P5 and G8 exhibit similar thermal behavior and an onset 
peak temperature around 100 oC for the first exothermic reaction, which is comparable 
to what was observed with the electrolyte 1:2:2 EC:DMC:EMC (Fig. 4.14-4.15). 
However, SLP30 shows an onset temperature which is considerably higher in 4:3:3 
EC:DMC:EMC compared to 1:2:2 EC:DMC:EMC. Fig. 4.17 shows a direct comparison 
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between these two systems. Notably a higher EC- content increases the thermal stability 
for SLP30, but not for G8 and P5. 
 
 
Figure 4.12. Differential scanning calorimetry for fully lithiated graphites (SLP30, P5 
and A2-2650) after 60 cycles in 1:2:2 EC:DMC:EMC + 0.9M LiPF6 electrolyte. The 
heating rate was 2.5 oC/min. 
 
 
Figure 4.13. Differential scanning calorimetry for fully lithiated graphites (SLP30 and 
P5 after 60 cycles in 1:2:2 EC:DMC:EMC + 0.9M LiPF6 electrolyte. The heating rate 
was 2.5 oC/min. 
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Figure 4.14. Differential scanning calorimetry for fully lithiated graphites (SLP30, P5 
and G8) after 60 cycles in 1:2:2 EC:DMC:EMC + 0.9M LiPF6 electrolyte. The heating 
rate was 2.5 oC/min. 
 
 
 
Figure 4.15. Differential scanning calorimetry for fully lithiated graphites (SLP30, P5 
and G8) after 60 cycles in 1:2:2 EC:DMC:EMC + 0.9M LiPF6 electrolyte, showing a 
magnified view of the first exothermic reaction. The heating rate was 2.5 oC/min. 
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Figure 4.16. Differential scanning calorimetry for fully lithiated graphites (SLP30, P5 
and G8) after 60 cycles in 4:3:3 EC:DMC:EMC + 0.9M LiPF6 electrolyte. The heating 
rate was 2.5 oC/min.  
 
 
Figure 4.17. Differential scanning calorimetry for fully lithiated graphites SLP30 after 
60 cycles in 1:2:2 EC:DMC:EMC + 0.9M LiPF6 and 4:3:3 EC:DMC:EMC + 0.9M 
LiPF6 electrolyte. The heating rate was 2.5 
oC/min.  
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Fig. 4.18 show SEM images of the graphites utilized in this study, illustrating the 
difference in morphology. Notably, the commercial graphites, SLP30, P5 and G8 
exhibit a rounder shape compared to the raw industrial graphites (A2/H2), which are 
flakier. This is probably the main reason why A2 and H2 show significantly higher BET 
surface area compared to the commercial materials.  
 
Fig. 4.19 summarizes the capacity for the different graphites in 1:2:2 EC:DMC:EMC + 
0.9M LiPF6 electrolyte at C/8. Of the commercial graphites, SLP30 performs best 
initially, but experiencing some decay and ending up at about the same capacity as the 
other materials after 60 cycles at a current density of C/8. The other graphites are 
initially lower in capacity than SLP30, but in return seem to experience less decay. 
There is no notable difference between A2/H2 before and after heat treatment. 
 
Fig. 4.20 summarizes the first cycle capacity for the different graphites in 1:2:2 
EC:DMC:EMC + 0.9M LiPF6 electrolyte at C/37.2 and compares it with the capacity 
after 62 cycles for the graphites tested with DSC (P5, G8, SLP30 and A2-2650). The 
first cycle capacities of the materials are all within a similar range, with a slightly higher 
value for SLP30 and a bit lower capacity for P5.  
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Figure 4.18. SEM images of graphite A2 (a), A2-2650 (b), H2 (c), H2-2650 (d), G8 (e), 
P5(f) and SLP30 (g).  
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Figure 4.19. Capacity summary for the different graphites in 1:2:2 EC:DMC:EMC + 
0.9M LiPF6 electrolyte. Charged/discharged at C/8 (46.5 mA/g). 
 
 
 
Figure 4.20. Capacity summary for the different graphites in 1:2:2 EC:DMC:EMC + 
0.9M LiPF6 electrolyte. Charged/discharged at C/37.2 (10 mA/g). 
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4.5 Discussion 
 
Thermal stability vs. surface area 
Surface area seems to affect the overall heat evolved (Fig. 4.12-4.14). This is reasonable 
as a larger surface area would cause more SEI to be formed, and the SEI is known to be 
responsible for the exothermic reactions in the temperature range from 60-230/240 oC. 
However, there also seems to be a lower onset temperature for the first exothermic 
reaction for samples with small surface area (Fig. 4.15).  
 
It was initially believed that the ratio of basal to non-basal plane could be the main 
reason for this difference in onset temperature due to the fact that both thickness and 
composition of the SEI is expected to be different on basal planes compared to edge 
planes and defects. Alternatively, the total amount of lithium trapped in the SEI 
(estimated from ICL in Fig. 4.10) could also influence the thermal behavior. According 
to Fig. 4.10, G8 should exhibit significantly different thermal behavior compared to 
SLP30 and P5, since the amount of lithium trapped in the SEI is potentially higher due 
to a high ICL compared to a low surface area. The higher ICL to surface area ratio of 
G8 is very likely the reason why G8 has such a low peak in the initial exothermic 
reaction, and one could argue that G8 in fact exhibits the better properties in terms of 
thermal stability, even though the actual onset temperature is similar to P5. 
 
SEM micrographs show that all three materials have similar morphology (Fig. 4.18), 
and it is therefore reasonable to believe that it is the amount of surface area and not the 
shape of the surface which is the main factor to consider in terms of thermal stability. 
However, it should be noted that Cpreme coats their graphite with a uniform 
homogenous "graphite-on-graphite" coating to reduce surface area, reducing the overall 
heat evolution, and thereby improving safety. It is suspected that TIMCALTM also coats 
their graphite SLP30 due to their smooth potato shaped morphology (Fig. 4.18). If all 
these commercial graphites are coated it would most likely influence their thermal 
properties, particularly since it is unknown whether the coating is amorphous or 
crystalline. It is worth mentioning that the A2/H2 graphites are un-coated and that their 
morphology is flakier with a less smooth surface, which results in a larger surface area 
compared to the commercial materials. This is also evident from the larger thermal 
response of graphite A2-2650 (Fig. 4.12) 
 
Thermal stability for different electrolytes 
Increasing the amount of EC in the electrolyte has seemingly negligible effect on the 
thermal stability of P5 and G8 (Fig. 4.16 vs. Fig 4.14), while SLP30 shows a significant 
change in behavior. One possibility is that  SLP30 requires a higher amount of EC for 
stable SEI formation due to larger edge/defect surface area compared to P5/G8 
(edge/defect surface area is the most active surface towards EC reduction). For SLP30 
(Fig. 4.17) the electrolyte with 40 % EC showed a higher onset temperature for the first 
exothermic reaction compared to the electrolyte with 20 % EC, while the latter 
exhibited higher heat evolution in the temperature range from 120-240 oC.  
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The higher heat evolution can be attributed to the fact that the system with 20 % EC 
probably has a less compact (more porous) SEI, since it is mainly  the decomposition 
product of EC (CH2OCO2Li)2 and Li2CO3, which are regarded as the species 
responsible for providing a compact and passivating SEI [27]. This would allow for 
easier diffusion of lithium from the graphite structure to the surface, consequently 
causing reactions with the electrolyte to form stable species (like LiF and Li2CO3). This 
occurs until all sites are blocked [18], leading to a structural collapse around 240 oC, 
which would account for the endothermic peak (exfoliation). The remaining lithium 
inside the graphite structure is now allowed to react further, as well as the PVDF (which 
accounts for the last exothermic reaction above 250 oC).  
 
The lower onset temperature of the electrolyte with 20 % EC could be explained in the 
same manner, by a more porous SEI. A more porous structure would, as mentioned, 
allow for easier reaction between intercalated lithium and the electrolyte. In the 
electrolyte with 40 % EC, the SEI is expected to consist of very stable passivating 
species and is probably more compact. There are most likely fewer sites available for 
reaction between intercalated lithium and the electrolyte. It is therefore reasonable that 
the exothermic reactions occur at higher temperatures. 
 
 
Effect of additional heat treatment and milling 
Additional heat treatment of the A2/H2 samples seems to have no significant effect on 
the long term capacity (Fig. 4.19). However from the BET/DFT measurements the HT 
decreases both the total surface area and edge/defect surface area, which consequently 
decreased the ICL (Fig. 4.8 and 4.9). The increased La values (Table 4.1) could be 
related to a slightly higher degree of crystallization, as heat treatment above 2650 °C in 
inert atmosphere is expected to further graphitize the material. DFT data indicate 
reduced amount of edge planes at the expense of the basal planes with prolonged heat 
treatment. No significant differences in the amount of defects are observed. The pore 
volume is decreased upon extended heat treatment (Fig. 4.11), which can be expected 
due to grain growth and Ostwald ripening. However, none of the graphites investigated 
here showed any pores in the micropore area (below 2 nm), which indicates that all of 
the material should be available to the Li-electrolyte complexes and hence active 
towards lithium intercalation. 
 
According to Fig. 4.19 and 4.20 there is no significant difference in performance 
between the two milling types. The Highcom milled H- materials are slightly higher in 
capacities vs. the Alpine milled A-materials. However, the Alpine mill resulted in 
slightly lower BET surface areas compared to the Highcom mill, which ultimately led to 
slightly lower ICL. DFT measurements gave clear indication that the amount of edge 
planes decreased upon extended heat treatment at the expense of basal planes for both 
A2 and H2. Interestingly, the remaining edge planes showed significantly lower 
adsorption potentials which would usually mean a lower density of carbon atoms. The 
reason for this is unclear, but the results showed a slightly improved capacity upon 
cycling for heat treated A2, while the capacity for heat treated H2 upon extended 
cycling showed a slight decrease compared to the non-heat treated material. All in all 
the changes due to extended heat treatment was not significant. 
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4.6 Conclusion 
 
The thermal response of graphite in lithium ion batteries show a clear correlation with 
total amount of surface area (according to previous studies in the literature [28]) and 
total heat evolved. However, commercial graphite with low surface area (G8 and P5) 
showed a lower onset temperature for exothermic reactions (related to conversion of 
meta-stable species in the SEI to more stable compounds) compared to commercial 
graphite with larger surface area (SLP30). 
 
Higher relative EC content in the electrolyte led to a higher onset temperature (better 
thermal stability) for exothermic reactions compared to lower EC content for SLP30. 
There is likely a correlation between a more stable SEI (consisting of stable species like 
Li2CO3 and (CH2OCO2Li)2  ) and the onset temperature. Graphites with high amounts of 
edge planes require more EC to ensure good SEI formation and consequently better 
thermal properties. 
 
Heat treatment of industrial graphite reduced the overall surface area and caused a 
decrease in total pore volume and BET surface area, as investigated by DFT 
measurements. The heat treatment showed no significant improvement in capacity 
except for the apparent reduction in the overall ICL. 
 
There seem to be a trend that ICL, amount edge/defect, and amount of EC (all related to 
formation of stable SEI), can influence the thermal stability. High ICL and low 
edge/defects area are indicative of a stable SEI with good thermal properties in terms of 
overall heat evolved. One of the main conclusions from the data presented here is that 
DFT measurements, coupled with ICL data, could be a potentially useful tool to predict 
thermal stability behavior of graphites in Li-ion batteries.  
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5. Temperature effects on graphite 
capacity for various electrolytes used in 
lithium ion batteries 
 
5.1 Summary 
 
The performance of graphite electrodes in various ethylene carbonate and propylene 
carbonate based electrolytes at temperatures below room temperature has been studied, 
and compared to electrodes cycled at room temperature with the same electrolyte. 
Electrodes cycled at low temperature showed increased capacity fade as compared to 
electrodes cycled at room temperature. Differential scanning calorimetry (DSC) has 
been employed to investigate phase transitions at lower temperature and safety issues at 
elevated temperatures. Based on these results, as well as the results from cycling, 
suitable electrolytes, able to work in a wide temperature range, could be identified. The 
stability of the graphite electrode upon extended cycling was found to increase with the 
amount of EC. This was verified by the fact that an electrolyte with 40 % EC 
outperformed one with 20 % EC after more than 200 deep discharge cycles, although 
the one with 20 % EC was initially better. Addition of PC to a multi-component system, 
making the total amount of cyclic carbonates 40 % (i.e. 20 % EC and 20 % PC), 
increased the liquid temperature range of the electrolyte, and showed long term stability 
comparable to the electrolyte with 20 % EC. However, the addition of PC reduced the 
capacity considerably at i.e. 0 oC, and also led to very high initial irreversible capacity 
loss.  
 
Highlights 
 
We have investigated the graphite capacity for various electrolyte systems. 
The electrolyte systems have been evaluated by differential scanning calorimetry. 
Electrochemical performance has been evaluated. 
Low temperature cycling of graphite exhibited more degradation compared to cycling at 
room temperature. 
 
 
Keywords; Lithium ion battery, graphite, low temperature cycling, differential scanning 
calorimetry, non-aqueous electrolyte 
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5.2 Introduction 
 
In order for Li-ion batteries (LIB) to be a competitive alternative to the internal 
combustion engine in vehicles, significant improvements in cost, cycle life, power 
density and safety are required. In addition, it is of vital importance that the temperature 
window of LIB is increased, ensuring good performance of the LIB in electric vehicles 
(EV) in cold and warm climates. Graphite is the dominating choice as anode material, 
due to low cost and availability, combined with high capacity and reasonably stable 
performance. The most common electrolyte choice with graphite has been a mixture of 
linear carbonates, such as diethylene carbonate (DEC), dimethyl carbonate (DMC) and 
ethyl methyl carbonate (EMC), with cyclic carbonates, such as ethylene carbonate (EC) 
and propylene carbonate (PC). Ethylene carbonate (EC) is always added due to its 
ability to form a  protective film, commonly called the solid electrolyte interphase (SEI) 
[1], during the first cycle of operation. The SEI layer is crucial for the stable operation 
of graphite anodes, as the intercalation potential lies below the electrochemical potential 
window of the electrolyte. In fact, the replacement of PC with EC was one key to 
success for the first commercialization of LIBs, as PC causes exfoliation of the graphite, 
leading to significant capacity loss during cycling.  
 
The main factors affecting the electrochemical performance of graphite at low 
temperature are; i) Properties of the SEI ii) the reduction of electrolyte conductivity 
upon reduction of the temperature [2], iii) low lithium ion diffusion in the carbon anode 
[3]. SEI properties and poor SEI formation can be largely related to electrolyte choice as 
it is generally considered that Li2CO3 or (CH2OCO2Li)2 (which is the major 
decomposition product of EC) are superior with regards to graphite passivation and 
stability for long term operation [4]. Studies on optimizing formation conditions for the 
SEI showed that good ionic conductivity resulted in poor SEI stability, and vice versa 
[5], meaning that species providing good long term stability of graphite (Li2CO3 or 
(CH2OCO2Li)2) also caused a higher interfacial resistance compared to the more soluble 
SEI species. However, the more soluble species will not passivate the SEI properly and 
consequently will lead to more solvent reduction (capacity fade) upon cycling. One 
disadvantage of using EC is that it has a high melting point which causes a drop in 
conductivity and poor performance at low temperatures. PC on the other hand has a 
much lower melting point compared to EC. In a study comparing 3:7 EC:EMC and 
1:1:3 EC:PC:EMC in full cells, the cell with PC containing electrolyte was found to 
have a lower capacity at room temperature, but a lower relative loss in the temperature 
range 0 to -20 oC. This was attributed to a higher ionic conductivity through the SEI 
film at low temperatures, as determined by impedance spectroscopy, compared to EC 
based electrolytes [6]. When attempting to decrease the overall melting point of a binary 
electrolyte system, it was found that the best results were achieved by mixing species 
with similar melting points and molecular structure [7]. DEC was found to have the 
least effect on the electrolyte liquidus temperature, even though pure DEC is among the 
electrolyte solvents with the lowest melting point.  
 
Mixing of EC with PC (species of similar molecular structure) would presumably result 
in a significant decrease of the melting point and consequently improve the low 
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temperature properties. However, a mixture of EC and PC alone would result in a 
solution with very high viscosity due to the high dielectric constant of both these 
solvents. The addition of linear carbonates is necessary to improve properties like 
viscosity, wettability and conductivity. For example, a high EC content is known to 
cause higher anodic polarization (due to higher film resistance through the SEI) and is 
therefore also more susceptible towards lithium plating [8], but it provides a more stable 
SEI, which is necessary for cycle life. The higher polarization caused by the EC content 
could be related to the de-solvation energy [9-12], which has been shown to be the 
major energy-consuming step and the largest contributor to the overall charge transfer 
resistance [13]. The high affinity of EC towards the lithium ion contributes to a higher 
de-solvation energy which would cause increased electrode resistance and poorer 
transport properties of Li-ions through the SEI. Hence, decreasing the amount of EC in 
the solution would force more linear carbonates (which have lower affinity) to solvate 
the lithium. This would presumably result in lower charge transfer resistance and higher 
diffusion through the SEI, giving a battery with high performance and rate capability. 
However, this would be at the expense of long term stability, as EC is very important 
for the formation of a stable SEI film.  
 
Many studies have tried to improve the capacity fading at lower temperature by 
developing electrolytes with high conductivities and good solid electrolyte interphase 
formation [14-18]. It is generally agreed upon that conductivity plays an important part 
with regards to low temperature operation, as it will generally decrease upon cooling 
due to lower mobility of electrolyte species. Conductivity measurements on electrolytes 
with high EC content even reported no conductivity at -10 oC, which was believed to be 
due to the solidification of the EC component [19]. Bulk conductivity measurements for 
multi-component (ternary/quaternary) systems containing several alkyl carbonates 
showed much better low temperature conductivity compared to binary solutions [20]. 
To achieve this high conductivity at low temperatures, they used DEC and esters in a 
multi-component system. The importance of using additives, like vinylene carbonate 
(VC), has also been  highlighted due to the incompatibility of some of these components 
with graphite, as DEC, while providing improved low temperature conductivity, is 
known to reduce the stability of the graphite anodes [18] and provide poor SEI stability 
(affecting the cycle life). Also some esters have shown reactivity towards the anode 
(causing degradation) [17], while others in fact showed promising results towards low 
temperature operation down to -60 oC [14]. These good results were primarily achieved 
by fixing the EC-content to 20 % and the ester co-solvent to 20 %.  
 
Development of low temperature electrolytes is important from a safety aspect as well. 
Good transport properties can prevent lithium plating by minimizing the polarization 
occurring at lower temperatures due to decreased kinetics and conductivity. Lithium 
plating was recently investigated in various electrolyte compositions (high/low EC 
content and with/without VC additive) [8], showing a correlation between a highly 
resistive SEI film and lithium plating. Surface modification (carbon coating with 
chemical vapor deposition (CVD)) was found to suppress lithium deposition to some 
extent compared to samples without coating [21]. This was also attributed to good 
transport properties through the SEI. 
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In this study the effect of EC and the addition of PC to a multi-component system have 
been investigated. The electrolyte compositions investigated were selected from those 
typically found in the literature [6, 14, 20, 22], and are expected to work in a wide 
temperature range. In addition, one commonly applied (in laboratory experiments) 
binary electrolyte was included for comparison (1:1 EC:DEC). The various electrolytes 
were evaluated based on reversible and irreversible capacity in the temperature range 0 
to 40 oC, capacity fade after repeated cycles, as well as differential capacity curves 
providing the shifts of intercalation potentials. Thermal stability of cycled electrodes 
was determined by differential scanning calorimetry (DSC). The DSC analysis 
performed at high temperatures for the graphite anodes, after the SEI is formed, can 
provide important information about the safety of the different electrolytes as it is often 
the heat development on the anode that initiates further (and more energetic) exothermic 
reactions on the cathode, leading to thermal runaway [23]. 
 
Our goal is to determine whether 20 % EC is sufficient to provide formation of a stable 
film on the graphite surface and investigate the effect of more EC on lower temperature 
cycling. An addition of PC to an EC:DMC:EMC system would presumably decrease the 
solidus temperature, thereby keeping the electrolyte in a liquid state at much lower 
temperatures. The effect of adding PC has been investigated, both thermally and 
electrochemically, to investigate if the benefits of improved low temperature properties 
can make up for the expected exfoliation caused by the PC based electrolytes. Causes of 
loss of capacity at low temperatures will be investigated by electrochemical techniques 
(impedance spectroscopy and differential capacity curves). Finally, we would like to 
investigate if there is any additional degradation occurring during the low temperature 
cycling of graphite compared to room temperature cycled cells. We also report on an 
interesting phenomenon, where the final stage formation of 1:1 EC:DEC + 1 % VC 
electrolyte disappears upon cycling at lower temperatures, only to reappear after cycling 
at elevated temperature. 
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5.3 Experimental 
 
Graphite SLP30 was used as received from TIMCALTM. The graphite electrodes were 
prepared by tape casting a slurry consisting of 37 g SLP30, 2 g poly-vinylidene fluoride 
(PVDF) (Kynar, reagent grade), 1 g Super P carbon black (TIMCALTM), and 60 g 1-
methyl-2-Pyrrolidinone (NMP) (Sigma-Aldrich, > 99 %) onto a 10 μm thick Cu-foil 
current collector from Circuit foil Luxembourg. The tape caster was a "K Control 
Coater" from Printcoat instruments. The casts were dried in a vacuum oven at 120 oC 
overnight. 
 
The electrolytes were made using varying amounts (in weight %) of ethylene carbonate 
(Sigma-Aldrich, > 99 %), diethyl carbonate (Aldrich, > 99 %), vinylene carbonate (VC) 
(Aldrich, 97 %), ethyl methyl carbonate (Merck, > 99 %), ethyl acetate (Sigma-Aldrich, 
99,8 %), dimethyl carbonate (Sigma-Aldrich, > 99 %) and propylene carbonate (Sigma-
Aldrich, 99,7 %) with 0.9 M LiPF6 (Aldrich, > 99.99 %), as presented in Table 5.1. 
 
Table 5.1. Electrolyte compositions 
Electrolyte Electrolyte amount 
1:1 EC:DEC 0.9 M LiPF6 +1 % VC 30 μl 
1:1:3 EC:PC:EMC 0.9 M LiPF6 30 μl 
1:1:3 EC:EA:EMC 0.9 M LiPF6 30 μl 
 2:2:3:3 EC:PC:DMC:EMC 0.9 M LiPF6 30 μl 
 1:2:2 EC:DMC:EMC  0.9 M LiPF6 30 μl 
4:3:3 EC:DMC:EMC  0.9 M LiPF6 30 μl 
 
Reduction/oxidation of graphite was recorded with a model 4200 potentsiostat from 
Maccor connected to a temperature chamber also supplied by Maccor. Before low 
temperature cycling and DSC measurements all cells were cycled galvanostatically at 
10 mAh/g between 5 and 1500 mV, followed by four cycles at 46.5 mAh/g to ensure 
complete SEI formation. The temperature cycles followed a program summarized in 
Fig. 5.1, where the coin cells rested for 2 hours at each temperature to ensure a uniform 
temperature in the cell during cycling. Electrochemical impedance spectroscopy (EIS) 
was performed using a Zahner IM6 potentsiostat with a frequency range from 5 mHz to 
1 MHz with an amplitude of 5 mV. 
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Figure 5.1.  Temperature program used during reduction/oxidation curves of coin cells 
with graphite/lithium half-cells 
 
The reduction/oxidation curves were acquired using graphite/lithium half-cells 
assembled as coin cells provided by Hohsen Corp. For the electrochemical impedance a 
three-electrode cell of the model "HS-3E test cell" by Hohsen Corp was used.  The cells 
were assembled in inert atmosphere inside an argon-filled glove-box (O2 and H2O < 0.1 
ppm). The cells consisted of a graphite working electrode (2.01 cm2) with a loading of 
about 3-4 mg/cm2, a 20 μm thick separator (Celgard® 2320), a 0.75 mm thick lithium 
foil (1.54 cm2) as counter electrode, and a lithium strip as reference electrode. All 
potentials are reported vs. Li/Li+ unless otherwise specified.  
 
For the differential scanning calorimetri (DSC) measurements a DSC Q100 from TA 
Instruments was used for the low temperature analyses while a PerkinElmer DSC 7 was 
used for the high temperature analyses. The temperature range for the high temperature 
measurements was from 30 to 300 oC with 2.5 oC /min heating rate. For the high 
temperature testing 3 samples of 5 mm diameter were cut out from fully lithiated 
graphite electrodes obtained from disassembled coin cells. They were then placed in 
gold plated stainless steel high pressure capsules (from PerkinElmer), together with 3 μl 
of the same electrolyte used in that specific battery system, and completely sealed. The 
low temperature measurements were performed by cooling down to -85 oC before 
heating up to 50 oC with a heating rate of 5 oC/min. All sample preparation was done 
inside a glove box to keep the atmosphere inert. For the low temperature testing, 5 μl of 
pure electrolyte was placed in a Tzero aluminium sample pan (from TA instruments), 
which was hermetically sealed. 
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5.4 Results 
 
Table 5.2 summarizes the initial charge capacity and the irreversible capacity loss (ICL) 
of the different electrolyte compositions. In the table we also see the capacity after the 
coin cells were subjected to temperature variations.  
 
 
Table 5.2.  Summary of electrolyte performance at a constant current 10 mAh/g before 
and after the coin cells were subjected to temperature variations 
(Standard deviations for n = 4 unless otherwise specified) 
Electrolyte 1st 
Lithiation 
Capacity 
(mAh/g) 
ICL (%) Lithiation 
capacity after 
17 
temperature 
cycles (mAh/g) 
(n = 2) 
Percentage 
capacity 
retained after 
17 
temperature 
cycles 
(%) 
1:1 EC:DEC 0.9 M LiPF6 +1 
% VC 
392 ± 9.21 13.02 ± 0.2   315 ± 0.1 92.4 
1:1:3 EC:PC:EMC 0.9 M 
LiPF6 
459 ± 25.0 26.74 ± 3.2  278 ± 5.1 83.4 
1:1:3 EC:EA:EMC 0.9 M 
LiPF6 
378 ± 12.8 11.67 ± 0.9 15 ± 1.7 4.59 
 2:2:3:3 EC:PC:DMC:EMC 
0.9 M LiPF6 
470 ± 20.7 30.68 ± 2.2 285 ± 9.2 87.3 
 1:2:2 EC:DMC:EMC  0.9 M 
LiPF6 
377± 12.4 11.39 ± 0.3 311 ± 4.2 92.3 
4:3:3 EC:DMC:EMC  0.9 M 
LiPF6 
377± 12.0 12.12 ± 0.5 304 ± 2.2 91.7 
 
 
In Fig. 5.2a the low temperature DSC curves of various electrolytes are plotted. We can 
identify that the liquid to solidus transition temperature for the pure electrolyte of 1:1 
EC:DEC + 1 % VC + 0.9 M LiPF6 is around 10 
oC (Fig. 5.2b), which is most likely the 
EC component solidifying. The 4:3:3 EC:DMC:EMC + 0.9 M LiPF6 electrolyte does 
not have an endothermic peak until around -10 oC , while the remaining electrolytes 
show no sign of a solidus transition until around -30 oC and/or lower. 
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Figure 5.2a.  DSC response of pure electrolytes.  Endothermic peaks are upwards. 
 
 
Figure 5.2b.  DSC response of electrolyte 1:1 EC:DEC + 1 % VC + 0.9 M LiPF6. 
Endothermic peaks are upwards. 
 
Fig. 5.3a shows the high temperature DSC curves for fully lithiated graphite electrodes, 
after they were subjected to cycling between 0 and 40 oC (at C/8). The electrolyte 
containing ethyl acetate (EA) exhibited the earliest onset temperature for exothermic 
reaction, followed by 1:1 EC:DEC + 0.9 M LiPF6 +1 % VC. The remaining four 
electrolytes displayed similar onset temperatures around 115-125 oC. Fig. 5.3b 
compares the thermal response of room temperature cycled graphite vs. low temperature 
cycled graphite in 4:3:3 EC:DMC:EMC +  0.9 M LiPF6 electrolyte. No apparent 
difference can be observed. 
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Figure 5.3a.  DSC response of electrolytes after SEI formation and subjected to 
temperature cycles in fully lithiated samples of SLP30. Exothermic peaks are upwards. 
 
 
 
 
Figure 5.3b.   DSC response of fully lithiated room temperature cycled graphite SLP30 
(dotted line) vs. fully lithiated temperature cycled SLP30 (solid line) in 4:3:3 
EC:DMC:EMC + 0.9 M LiPF6 electrolyte. Exothermic peaks are upwards. 
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Table 5.3 summarizes and compares the capacity after extended cycling at room 
temperature for three different electrolytes. These electrolytes were selected to compare 
the effect of 20 % EC with 40 % (1:2:2 EC:DMC:EMC + 0.9 M LiPF6 vs. 4:3:3 
EC:DMC:EMC +  0.9 M LiPF6) and to investigate the effect achieved by replacing 
some EC with PC (2:2:3:3 EC:PC:DMC:EMC + 0.9 M LiPF6). According to the data, 
40 % EC improved the stability compared to 20 % EC. The 4:3:3 EC:DMC:EMC + 0.9 
M LiPF6 electrolyte was notably better in terms of extended cycling. 
Replacement of 20 % EC with PC (overall 40 % cyclic carbonates) in the 2:2:3:3 
EC:PC:DMC:EMC + 0.9 M LiPF6 electrolyte showed comparable results to 1:2:2 
EC:DMC:EMC + 0.9 M LiPF6 electrolyte with respect to extended cycling. 
 
Table 5.3.  Summary of electrolyte performance at a constant current of 10 mAh/g 
(C/37.2) after extended cycling (at C/8 and C/4 in room temperature) 
(Standard deviations for n = 4 unless otherwise specified) 
Electrolyte 1st De-
lithiation 
capacity 
(mAh/g) 
De-
lithiation 
capacity 
after 61 
cycles 
(mAh/g) 
ICL (%) Percentage 
capacity 
retained 
after 61 
cycles 
(n = 3) 
Percentage 
capacity 
retained 
after 213 
cycles 
(n = 3) 
SLP30- 2:2:3:3 
EC:PC:DMC:EMC 
0.9 M LiPF6 
332 ± 5.9 238 ± 7.6 
 
28.10 ± 5.5 71.7 % 192 ± 4.9 
(57.8 %) 
 
SLP30- 4:3:3 
EC:DMC:EMC  0.9 
M LiPF6 (n=3) 
331 ± 3.8 269 ± 2.7 
 
12.01 ± 0.1 81.3 % 217 ± 7.1 
(65.8 %) 
 
 SLP30- 1:2:2 
EC:DMC:EMC  0.9 
M LiPF6 
326 ± 2.2 232 ± 1.2 
 
11.69 ± 0.1 71.2 % 183 ± 4.9 
(56.1 %) 
 
 
Fig. 5.4 summarizes the cycling capacity in Table 5.3 for three different electrolytes 
(1:2:2 EC:DMC:EMC + 0.9 M LiPF6, 2:2:3:3 EC:PC:DMC:EMC + 0.9 M LiPF6, 4:3:3 
EC:DMC:EMC + 0.9 M LiPF6) at C/37.2 rate.  
Fig. 5.5 compares the cycle capacity for the same electrolyte systems, but at a cycling 
rate of C/8. Here, the difference between 1:2:2 EC:DMC:EMC + 0.9 M LiPF6 and 
2:2:3:3 EC:PC:DMC:EMC + 0.9 M LiPF6 and 4:3:3 EC:DMC:EMC + 0.9 M LiPF6 is 
marginal, but 4:3:3 EC:DMC:EMC + 0.9 M LiPF6 is slightly better after 61 cycles (232 
mAh/g) compared to the other two electrolytes. 
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Figure 5.4.  Cycle capacity at C/37.2 for different electrolytes (1:2:2 EC:DMC:EMC + 
0.9 M LiPF6, 2:2:3:3 EC:PC:DMC:EMC + 0.9 M LiPF6, 4:3:3 EC:DMC:EMC + 0.9 M 
LiPF6) with graphite SLP30/Lithium half-cells at room temperature.  
 
 
Figure 5.5.  Cycle capacity at C/8 for different electrolytes (1:2:2 EC:DMC:EMC + 0.9 
M LiPF6, 2:2:3:3 EC:PC:DMC:EMC + 0.9 M LiPF6, 4:3:3 EC:DMC:EMC + 0.9 M 
LiPF6) with graphite SLP30/Lithium half-cells at room temperature.  
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The de-lithiation capacities at different temperatures for all the investigated electrolytes 
are plotted in Fig. 5.6. The red line and the right y-axis show the temperature at which 
the cells were cycled. The best 0 oC capacities are found with 4:3:3 EC:DMC:EMC + 
0.9 M LiPF6 (172 mAh/g) and 1:2:2 EC:DMC:EMC  + 0.9 M LiPF6 (169 mAh/g) as 
electrolyte (Fig. 5.6a) and e), respectively). The other electrolytes, 2:2:3:3 
EC:PC:DMC:EMC + 0.9 M LiPF6,  1:1:3 EC:EA:EMC + 0.9 M LiPF6 , 1:1:3 
EC:PC:EMC + 0.9 M LiPF6 and 1:1 EC:DEC + 1 % VC + 0.9 M LiPF6 ( Fig. 5.6 b), c), 
d) and f), respectively) all exhibited similar, but lower capacities at 0 oC (99-116 
mAh/g).  Notably, the electrolyte containing the ester co-solvent (1:1:3 EC:EA:EMC + 
0.9 M LiPF6 ) in Fig 5.6 d),  fails after cycling at 40 
oC. 
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Figure 5.6.  Graphite SLP30/lithium half-cells cycled at C/8 for different electrolytes at 
various temperatures. a) 4:3:3 EC:DMC:EMC + 0.9 M LiPF6 b) 2:2:3:3 
EC:PC:DMC:EMC + 0.9 M LiPF6 c) 1:1:3 EC:EA:EMC + 0.9 M LiPF6 d) 1:1:3 
EC:PC:EMC + 0.9 M LiPF6 e) 1:2:2 EC:DMC:EMC  + 0.9 M LiPF6  f) 1:1 EC:DEC + 1 
% VC + 0.9 M LiPF6. 
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Figure 5.7.  Capacity (at C/37.2) remaining after 17 cycles. Comparison of room 
temperature cycled (black) graphite SLP30 and low temperature cycled (grey) graphite 
SLP30. The capacity data are obtained at 20 oC after cycling with different electrolytes 
(1:2:2 EC:DMC:EMC + 0.9 M LiPF6, 2:2:3:3 EC:PC:DMC:EMC + 0.9 M LiPF6, 4:3:3 
EC:DMC:EMC + 0.9 M LiPF6). 
 
Fig. 5.7 compares graphite SLP30 cycled at room temperature with those exposed to 
low temperature cycling in Fig. 5.6. The capacities are compared after 17 cycles. The 
figure indicates a higher degradation for the cells exposed to temperature cycles 
compared to cells cycled at room temperature. 
 
Fig. 5.8 compares differential capacity plots for 1:2:2 EC:DMC:EMC  + 0.9 M LiPF6 
electrolyte, before and after temperature cycling, to investigate if there are any changes 
in the peak positions (which would indicate a change of polarization) after being 
subjected to temperature cycling . No significant difference is observed. 
 
Fig. 5.9 compares the differential capacity plots for 1:2:2 EC:DMC:EMC  + 0.9 M 
LiPF6 at different temperatures. For 20 
oC there are peaks, indicative of stage formation 
in graphite, observed around 0.2, 0.1 and 0.05 V. According to Fig. 5.9 these all shift 
with temperature. To investigate how large these shifts can be from 20 oC to 0 oC, Fig. 
5.10 shows a magnified view of the first intercalation potential. The shift is here 
observed to be about 0.0284 V from 20 to 0 oC. 
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Figure 5.8.  Differential capacity curves of graphite SLP30/lithium half-cell cycled at 
C/8 at 20 oC , before and after temperature cycles (cycle # 2 and 14 in Fig. 5.6e ), in 
1:2:2 EC:DMC:EMC in 0.9 M LiPF6.  
 
 
 
Figure 5.9.  Differential capacity curves of graphite SLP30/lithium half-cell cycled at 
C/8 at 20, 10 and 0 oC in 1:2:2 EC:DMC:EMC in 0.9 M LiPF6 (Cycle # 2, 4 and 8 in 
Fig. 5.6e). 
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Figure 5.10.  Differential capacity curves of graphite SLP30/lithium half-cell cycled at 
C/8 at 20, 10 and 0 oC in 1:2:2 EC:DMC:EMC in 0.9 M LiPF6 (Cycle # 2, 4 and 8 in 
Fig. 5.6e), showing a magnified view of the first intercalation potential. 
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In Fig. 5.11 the EIS at different temperature in 1:2:2 EC:DMC:EMC in 0.9 M LiPF6 
electrolyte is plotted, which is the basis for the conductivity values in Fig. 5.12. Here 
the conductivity of 1:2:2 EC:DMC:EMC in 0.9 M LiPF6 are calculated from high 
frequency intercept of EIS (Fig. 5.11) with the general formula, κ=L/(Re A), where κ is 
conductivity, L is the thickness of the electrode (including separator if added), Re is the 
high frequency intercept related to the electrolyte resistance, and A is the surface area of 
the electrode. Notably, the values in Fig. 5.12 are one order of magnitude lower than 
reported bulk values for similar electrolyte systems [20].  
 
  
Figure 5.11.  EIS of graphite SLP30/lithium half-cell cycled in 1:2:2 EC:DMC:EMC in 
0.9 M LiPF6 at 40, 20, 10 and 0 
oC. 
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Figure 5.12.  Conductivity measurements from EIS of graphite SLP30/lithium half-cell 
cycled in 1:2:2 EC:DMC:EMC in 0.9 M LiPF6. Estimated from the high frequency 
intercept, which in addition to electrolyte resistance, includes the resistance across the 
separator and current collector. 
 
Fig. 5.13 shows the differential capacity from Fig. 6f at 20, 10 and 0 oC in 1:1 EC:DEC 
0.9 M LiPF6 +1 % VC (Cycle # 2, 4 and 8 in Fig 5.6f). This electrolyte exhibited 
irreversible behavior after being cycled at lower temperatures, therefore it warranted 
further investigation by differential capacity plots. We observe a shift in intercalation 
potentials with decreasing temperature. The final stage formation (occurring around 
0.05 V for 20 oC) disappears with decreasing temperature. 
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Figure 5.13.  Differential capacity plots of graphite SLP30/lithium half-cell cycled at 
C/8 at 20, 10 and 0 oC in 1:1 EC:DEC 0.9 M LiPF6 +1 % VC (Cycle # 2, 4 and 8 in Fig. 
5f). 
 
Fig. 5.14 shows the differential capacity from Fig. 5.6f at 20 oC after 10 oC, and 20 oC 
after 40 oC in 1:1 EC:DEC 0.9 M LiPF6 +1 % VC (Cycle # 6 and 14 in Fig 5.6f). Most 
notably is the reappearance of the peak at the final intercalation potential after cycling at 
40 oC, which disappeared with decreasing temperature (Fig. 5.13). 
 
  
Figure 5.14.  Differential capacity plot of graphite SLP30/lithium half-cell cycled at 
C/8 at 20 oC  after cycling at 10 oC, and at 20 °C after cycling at 40 oC in 1:1 EC:DEC 
0.9 M LiPF6 +1 % VC (Cycle # 6 and 14 in Fig 5.6f). 
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5.5 Discussion 
 
Addition of PC and effect of % EC 
From Table 5.2 it is apparent that the electrolytes containing PC exhibit a higher initial 
capacity loss compared to the electrolytes without PC. This is expected, and normally 
attributed to exfoliation during the initial charge due to lithium species solvated by PC, 
co-intercalating into the graphite structure before a protective SEI is formed by solvent 
reduction. However, after a protective SEI is formed, the capacity start to stabilize (as 
seen in Table 5.3, which shows extended cycling of 2:2:3:3 EC:PC:DMC:EMC + 0.9 M 
LiPF6, 1:2:2 EC:DMC:EMC + 0.9 M LiPF6 and 4:3:3 EC:DMC:EMC + 0.9 M LiPF6  at 
room temperature, and Fig. 5.4)  and the electrolytes with PC (containing 40 % cyclic 
carbonates) show comparable stability with the electrolyte with only 20 % cyclic 
carbonates (1:2:2 EC:DMC:EMC + 0.9 M LiPF6 ). The electrolyte with 40 % EC (4:3:3 
EC:DMC:EMC + 0.9 M LiPF6) showed highest stability. Notably, at higher C-rates (see 
Fig. 5.5) the electrolytes perform more or less the same.  
 
The reason for the improved stability of the electrolytes with 40 % cyclic carbonates 
could be related to the initial formation of the SEI and the amount of cyclic species in 
the electrolyte (assuming the amount is sufficient to fully solvate the lithium ions). 
Since both EC and PC have a greater affinity towards solvation of lithium compared to 
the linear carbonates (DEC, DMC and EMC), lithium ions will prefer the cyclic 
carbonates as long as the amount of cyclic carbonates is sufficient to ensure complete 
solvation. Recent studies on the solvation sheath have shown how the ratio and amount 
of cyclic/linear carbonates could have an impact on which species are preferentially 
reduced to form the SEI [9, 10]. Specifically, they saw an increase in activation energy 
when the amount of EC was sufficient to fully solvate the lithium ions, which in this 
case occurred at about 30 % EC. The higher activation energy required with increased 
EC content explains why the electrolyte with more EC performed worse at higher C-rate 
(Fig. 5.5). 
 
Thermal behavior 
A very thorough study on liquid-solid phase diagrams of organic carbonates was 
performed by Ding et al. [7, 24, 25] and from the ternary diagram of the EC/DMC/EMC 
systems it is expected that, for the 4:3:3 EC:DMC:EMC electrolyte, the EC component 
may start to precipitate when cycled at 0 oC (due to high EC content). These studies 
were performed without the addition of electrolyte salt, but our results with low 
temperature DSC of 4:3:3 EC:DMC:EMC + 0.9 M LiPF6 electrolyte (Fig. 5.2a), 
indicates that this electrolyte remains a liquid until -10 oC. In general, the low 
temperature DSC (Fig. 5.2a), show that most of the electrolytes remain in the liquid 
state until around -30 oC and below. The exception is the 4:3:3 EC:DMC:EMC + 0.9 M 
LiPF6 electrolyte, which stays liquid until -10 
oC and 1:1 EC:DEC +1 % VC + 0.9 M 
LiPF6 (Fig. 5.2b), which starts to solidify already at 10 
oC. The replacement of 20 % EC 
with PC in this electrolyte decreased the solidus temperature to below -40 oC (as seen 
by 2:2:3:3 EC:PC:DMC:EMC + 0.9 M LiPF6 electrolyte in Fig. 5.2a).  
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In the high temperature DSC (Fig. 5.3a), obtained with cycled and fully lithiated 
graphite electrodes, we observe that the 1:1:3 EC:EA:EMC + 0.9 M LiPF6 electrolyte 
shows the earliest onset temperature for exothermic reaction, at around 80 oC, followed 
by 1:1 EC:DEC +1 % VC + 0.9 M LiPF6 at around 90 
oC. For the remaining four 
electrolytes the first exothermic reaction peaks appear around 120 oC. The electrolyte 
with EA fails after cycling at 40 oC (Fig. 5.6c), which fits well with the early onset 
temperature observed in the DSC data. If the internal resistance and current is 
sufficiently high the local temperature within the cell could reach the temperature at 
which this electrolyte exhibits exothermic behavior. This electrolyte would thus not be 
suitable for practical battery applications.  
 
Low temperature effects 
From the de-lithiation capacities at the different temperatures in Fig. 5.6, 1:2:2 
EC:DMC:EMC 0.9 M LiPF6 and 4:3:3 EC:DMC:EMC + 0.9 M LiPF6 show the highest 
performance in terms of capacity of all the tested electrolytes after being subjected to 
low temperature cycling. Even though 1:2:2 EC:DMC:EMC 0.9 M and 4:3:3 
EC:DMC:EMC + 0.9 M LiPF6 display the best capacity according to Fig. 5.6, it is 
important to recall that 4:3:3 EC:DMC:EMC + 0.9 M LiPF6 also exhibits the best 
capacity upon extended cycling at room temperature, according to Table 5.3 and Fig. 
5.4. 
 
Fig. 5.7 compares graphite SLP30 cycled at room temperature with those exposed to 
low temperature cycling (Fig. 5.6). This data suggest that there is indeed a detrimental 
effect from cycling at low temperature compared to room temperature. There is nothing 
to suggest that the amount of EC cause any additional losses compared to the other 
electrolytes. The higher capacity loss of the low temperature cycled cells seems to be 
more or less independent of the electrolyte (at least the ones tested here). That would 
indicate that either there is; less active area available, a change in the SEI occurring in 
all the electrolytes responsible for decreased capacity, or perhaps the transport 
properties are decreased (electrolyte conductivity, charge transfer). Decreased active 
area could be either due to exfoliation or blocking of pathways due to deposition of 
solid lithium in the solid electrolyte from the increased electronic conductivity of the 
solid electrolyte, which has been reported to occur at elevated temperatures [1]. If there 
was any decrease in transport properties one would expect a polarization of the 
electrode potential consistent with a shift in the differential capacity curves, which we 
did not observe (Fig. 5.8). Any changes in the SEI are difficult to investigate but at least 
the thermal properties of room temperature cycled graphite and low temperature cycled 
graphite seem to be more or less unchanged (Fig. 5.3b). 
There is also an increased probability of lithium plating at lower temperature which 
would affect the capacity either by facilitating SEI formation or pressure build-up due to 
electrolyte decomposition. The latter would cause exfoliation and explains the increased 
capacity loss from the low temperature cycled cells. 
 
Conductivity measurements (Fig. 5.12) obtained by EIS in electrolyte 1:2:2 
EC:DMC:EMC in 0.9 M LiPF6, was, as previously mentioned, one order of magnitude 
lower than reported bulk values for similar electrolyte systems [20]. However, the 
changes in conductivity with temperature (∆κ) are somewhat similar: And if one takes 
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into account the effective conductivity, which is given by κeff = κε/τ, where ε is the 
porosity and τ is the tortuosity (choosing a porosity of 0.4 and a tortuosity of 3) the 
values for conductivity are very close to the ones obtained from EIS. Tortuosity values 
of 3 are quite high, but similar values have been observed in lithium battery composite 
electrodes [26]. Conductivity measurements are taken from the high frequency 
intercept, which in our system can include both the resistance from the current collector 
(and wires) and the resistance across the separator, although contributions from wires 
and current collector are generally quite low, the contribution from the separator cannot 
be ignored. In our study a 20 μm thick separator was used with porosity close to 40 %, 
which is about the same as the porosity of the graphite electrode. Therefore a porosity 
factor of 0.4 is reasonable, and due to the geometry of the graphite, with the possibility 
of different sizes and shapes creating a complex transport route for lithium, a tortuosity 
factor of 3 is also within reason. 
 
The estimated potential shift based on the conductivity measurements alone (Fig. 5.12) 
are in the order of 0.002 V. The actual potential shift (Fig. 5.10) from 20 to 0 oC, which 
is estimated to around 0.0284 V, could thus not be explained merely by changes in 
conductivity and its variation with temperature, since it is over one order of magnitude 
lower than the observed shift. Certainly, one must consider other contributing factors as 
well, such as charge transfer, de-solvation energy and lithium transport through the SEI. 
 
Binary electrolyte effects 
From the DSC data in Fig. 5.2b there is an endothermic peak, around 10 oC, indicating a 
phase transition from liquid to solid phase. The 1:1 EC:DEC + 0.9 M LiPF6 + 1 % VC 
electrolyte has the highest onset temperature for solidification starting around 10 oC, 
which could explain the poor capacity exhibited by this electrolyte at 0 oC (Fig. 5.6f), 
but not the fact that the capacity is not retained when heated back to 20 oC. By 
comparing the differential capacity at different temperatures (Fig. 5.13) and at 20 oC 
after cycling at 10 oC and 40 oC (Fig. 5.14), it is observed that the final stage 
intercalation (initially occurring around 0.05-0.06 V according to Fig. 5.13) disappears 
with decreasing temperature, only to reappear after cycling at 40 oC (Fig. 5.14). The 
first and second intercalation potential, as seen by peaks around 0.19 V and 0.1 V in 
Fig. 5.14, occur at the same potential at 20 oC (after cycling at 10 oC and 40 oC, 
respectively). Since no shift is observed, it is reasonable to believe that the 
disappearance of the final stage formation (around 0.05 V) has nothing to do with 
decreased kinetics or conductivity, as one would expect to see a shift in all the peaks if 
this were the case (as with decreasing temperature in Fig. 5.9). 
These results suggest that something is happening during low temperature cycling that 
inhibits the final stage formation, which requires a certain activation energy to regain its 
initial capacity, exemplified in this case by cycles at 40 oC. This behavior could be 
explained by the DEC component taking a more active role in the solvation sheath 
around the lithium ions when part of the EC component becomes solidified. Cycling in 
pure DEC has shown lack of sufficient SEI film formation, and no typical intercalation 
peaks are observed [27]. Cycling in pure DEC does therefore not intercalate lithium 
without the use of co-solvents [28, 29]. This has been explained by the fact the 
solubility makes the DEC reduction unable to form a proper SEI [30]. Only after a 
sufficient amount of energy is supplied will the solidified EC component become a 
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liquid again and take part in the solvation and de-solvation process, restoring the 
capacity. Another possibility would be that when the EC component is solidified, it 
either traps some lithium on the surface or it might block some active sites, rendering 
certain areas unavailable for intercalation until the EC component becomes liquefied 
again (at around 40 oC). If lithium ions are trapped during this solidification, a slight 
shift in intercalation steps 3 and 2 would be expected due to decreased conductivity. 
However it is a possibility that this shift is too small to be observed, or that the ratio of 
EC to linear carbonates is such that the loss of conductivity from presumed lithium 
trapping is compensated for by a higher ratio of linear carbonates, reducing the viscosity 
of the solution, and thus making it easier for the remaining lithium ions to move through 
the solution. This behavior is not observed for the other electrolytes (Fig. 5.6a-e). 
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5.6 Conclusion 
 
The charge/discharge curves at the different temperatures and the long term cycling 
indicates that by replacing 20 % EC with PC, making the total amount of cyclic 
carbonates 40 %, the initial capacity loss would increase due to exfoliation, but the long 
term stability would be comparable to an electrolyte with only 20 % EC. Addition of PC 
increased the liquid range of the electrolyte, effectively increasing the low temperature 
operating range.  
 
The amount of EC compared to total surface area is very important for the stability of 
the graphite surface, and a larger amount of EC did indeed lead to increased long term 
stability for slow cycling. However, this was not the case at higher C-rates due to the 
increased de-solvation energy of electrolytes with large amounts of cyclic carbonates. 
The polarization observed when cycling at different temperatures, which is one of the 
main reasons of the capacity loss, could not be explained by loss of conductivity with 
temperature alone. Other effects, such as charge transfer resistance, lithium transport 
properties through the SEI and increased de-solvation energy are most likely all 
contributing, and the total increase of the electrode resistance, as obtained from 
impedance spectroscopy, was found to agree well with the observed shifts in the peaks 
of the differential capacity curves. The relative contributions of these processes could 
however not be determined from the impedance spectra, as this exhibited only one 
large, depressed semi-circle.  
 
It was also concluded that low temperature cycling caused more degradation compared 
to room temperature cycling, but showed no signs of affecting the thermal stability. The 
capacity loss is most likely related to the increased probability of lithium plating. This 
can cause losses either by facilitating SEI formation or by electrolyte decomposition, 
followed by a pressure build-up and exfoliation. 
 
The electrolyte with EA experiences cell failure due to extended cycling or cycling at 
elevated temperatures. The binary electrolyte with EC:DEC exhibited a capacity loss at 
10 oC which is only retrievable after supplying an activation energy in the form of 
cycling at elevated temperatures (40oC). This was believed to be due to solidification of 
EC, and corresponding increase in de-solvation energy or blocking of active surface 
area, rendering certain areas of graphite unavailable, until it was liquefied again.  
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6. Electrochemical impedance 
spectroscopy of porous graphite 
electrode for lithium ion batteries 
 
6.1 Summary 
 
Electrochemical impedance spectroscopy (EIS) has been employed to study the 
complex system of porous graphite anodes used in lithium ion batteries. A typical 
impedance response shows two semicircles, as well as a low frequency response related 
to intercalation, and eventually a blocking response. Many attribute the high frequency 
semi-circle in impedance spectra to the film formation (commonly called SEI) on the 
graphite and the middle frequency semi-circle to charge transfer resistance. Two semi-
circles are not always observed in the graphite/electrolyte system. By appropriate 
selection of the graphite surface and electrolyte we were able to distinguish the two 
semi-circles, the results of which are reported here. The effect of temperature shows that 
the resistance associated with the middle frequency arc is far more temperature 
dependent than that of the high-frequency arc. The activation energy for the middle-
frequency arc emerging from Arrhenius plots was estimated to be 67 kJ/mol, which 
agrees with activation energies reported for the de-solvation process. The increase of the 
resistances of both the high and middle frequency resistance in this study suggest that 
processes related to film formation and charge transfer resistance are coupled, and no 
clear separation of these processes can be made. Capacity fade during cycling is related 
to the increase of these resistances. Diffusion coefficients were extracted from the 
spectra. 
 
 
Highlights 
 
We have investigated the impedance response of a porous graphite electrode with the 
aim to investigate the relative contributions from the film and charge transfer resistance 
with regards to resistance increase in the cell.  
 
Keywords; Lithium ion battery, Graphite, EIS 
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6.2 Introduction 
 
Graphite is currently the most attractive choice as anode material in lithium ion batteries 
(LIB). The main factor influencing the performance of the graphite anode in LIB's, is 
the formation and properties of the so called solid electrolyte interphase (SEI) [1]. The 
formation of the SEI causes initial losses due to trapping of lithium species in the film, 
which are irreversible and normally termed irreversible capacity losses (ICL). However, 
this film is very important for the structural stability of graphite, as it protects against 
co-intercalation of solvent species, which would introduce additional stresses on the 
graphene sheets, and corresponding damage of the particle surface (a process often 
called "exfoliation"). This exposes new area to the electrolyte available for further 
electrolyte reduction and consequently higher irreversible capacity losses (ICL). 
 
Electrochemical impedance spectroscopy (EIS) has often been employed in studies of 
the electrochemical performance of graphite electrodes, due to the possibility of 
resolving contributions from the various irreversible losses, like mass transport 
limitations, ionic and electronic resistivities, charge transfer resistance etc. The SEI film 
is known to grow as a function of time [2] as long as the potential is lower than the 
reduction potential of the electrolyte used. The resistance increase caused by the SEI is 
one of the main reasons why lithium battery capacity fades with time [3]. It will also 
have very different properties depending on initial cycling rate, electrolyte composition, 
temperature during cycling and surface properties of the graphite used [4], which can 
complicate things further. 
 
Fig. 6.1. shows a typical impedance response from a porous graphite anode, showing 
that the electrode resistance may be resolved into two semi-circles. In most lithium ion 
battery research the high frequency (HF) arc is attributed to the SEI film and the middle 
frequency (MF) to the actual charge transfer occurring on the surface, following the 
model proposed by Aurbach [5]. The solution resistance, Re, can be found from the 
intercept of the curve with the x-axis.  Usually this resistance also includes the 
resistance from the current collector, wiring, and separator. In accordance with the 
model developed by Aurbach [5], the equivalent circuit in Fig. 6.2 is commonly used in 
the literature in the fitting of impedance measurement [6-10], where the high frequency 
arc is attributed to the SEI film and the middle frequency is due to charge transfer, 
followed by a diffusion process. 
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Figure 6.1. Nyquist plot of graphite G8 (from Cpreme) in 4:3:3 EC:EMC:DMC + 0.9 
M LiPF6  electrolyte, illustrating the high and middle frequency arcs. 
 
 
Figure 6.2. EQC most commonly used in fitting of a graphite/electrolyte interphase 
used in lithium ion batteries. R(RC)(C(RW)). 
 
 
However it is still debated which arc should be attributed to the SEI and which one is 
due to charge transfer resistance. Studies of the initial charge (EIS at different 
potentials) showed that the HF arc was independent of potential [11, 12], which 
indicated that this arc had nothing to do with charge transfer. It was therefore concluded 
that this must be related to the surface film (SEI) [12], leaving the potential dependent 
middle frequency arc  to charge transfer resistance. However some authors also attribute 
the HF arc to the electrode/current collector interface, precisely because its resistance 
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does not depend on potential, but rather seemed to be dependent on the geometric 
surface area (and not the active surface area) [9]. This was argued in a study [13], based 
on the fact that the HF semi-circle showed no increase during formation of the SEI, 
suggesting that the HF arc could be related to contact problems (graphite/electrolyte or 
graphite/graphite). Thus, the HF arc could not be due to the SEI, but most likely is a 
combination of contact problems and bulk properties [13]. The literature therefore 
seems much divided in its view of the HF arc as it seems far more complex than initially 
believed. 
 
In addition, the interpretation of the middle frequency arc (commonly related to charge 
transfer resistance), is not as straight forward as previously believed. Some claim that 
this "charge transfer resistance" should also take into account de-solvation processes [7, 
14-16] and that the de-solvation energy is actually the largest contributor to the overall 
activation energy at the interface [17]. 
 
The diffusion element, Zw, is also not as straight forward. The common approach is to 
estimate the diffusion coefficient from the low frequency region employing the 
traditional Warburg approach. This method is valid if the low frequency slope is close 
to 45 o , which is typical behavior of Warburg impedance [18],  and we are in the semi-
infinite region of the low frequency area. If these criteria’s are met, one can estimate the 
diffusion coefficient according to the high frequency limit region in Meyers [19] (a 
model that was first derived by Ho [20] for planar films). This method requires 
knowledge of how the open circuit potential varies with lithium concentration, (∂U/∂cs), 
a value which can be obtained from potenitiostatic curves of lithiation. Accurate 
estimates of (∂U/∂cs) is also one of the major limitations with this method, as this value 
is very dependent on the state of charge (SOC) (which is further discussed in Chapter 
7). 
 
However, for the cases where the slope is not linear and 45o, alternative methods are 
more commonly used. An example would be the modified EIS method [21] by which, 
the diffusion coefficients at 25 oC in graphite were estimated to be in the range from 
1.12·10-10 to 6.51·10-11 cm2/s, at 0 and 30 % SOC, respectively, assuming spherical 
diffusion. Other models describing porous intercalation electrodes are those by Meyers 
[19], Sunde [22, 23], and La. Mantia [24]. We have used MATLAB (from Mathworks) 
to employ a model developed by Sunde [22, 23], in our estimations. With this method 
you fix all known values for physical parameters such as electrode thickness and state of 
charge and then allow the program to minimize the complex nonlinear least squares 
(CNLS) object function in order fit the experimental curves and estimate the remaining 
unknowns. The method fits the experimental data by minimizing the object function. 
Similar procedures have been used by La Mantia [24], and recently by Zavalis et.al [25, 
26].  
 
We have assumed, as in previous similar studies [21], that the diffusion coefficient in 
the electrolyte is not significant. However, one should be aware of that models 
employing the modified EIS method showed a significant increase in the accuracy of 
the solid state diffusion with increasing solution diffusions [27]. These results explains 
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why previous studies [28] were only able to estimate the solid phase diffusion if it the 
solid phase diffusion was low enough. 
 
In this work, impedance spectroscopy was utilised for investigation of various 
phenomena related to graphite electrode, including initial SEI formation, effect of 
temperature, as well as degradation of the electrode during deep cycles. Since the 
literature is diverging on the matter of the HF arc and the MF arc and their relation to 
charge transfer processes or film formation, one aim was to investigate this further. By 
evaluating the resistance of the HF and MF arcs, as a function of number of cycles, it 
should be possible to see a resistance increase for only one of the semicircles, which 
then would be related to the growth of the SEI (which is known to increase with time 
[2]). The charge transfer process is not expected to increase as much as a function of 
time. This would allow us to identify which resistance is due to the SEI and which is 
due to the charge transfer resistance. 
 
However, our initial studies show that no such distinction is possible, as both resistances 
increased with cycling. The results indicate that the transport of lithium from the 
electrolyte solution, through the SEI and into the graphite is more complex than pure 
transport across the SEI, followed by a charge transfer. Either the SEI takes a more 
active role in both resistance contributions, or the charge transfer is more influenced by 
the SEI (i.e. by changing number of active sites), or by the de-solvation process.  
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6.3 Experimental 
 
Graphite SLP30 was used as received from TIMCALTM and graphite G8 as received 
from Cpreme. The SLP30 and G8 graphite electrodes were prepared by tape casting a 
slurry consisting of 37 g SLP30 or G8, 2 g PVDF (Kynar), 1 g Super P (TIMCALTM), 
and 60 g 1-methyl-2-Pyrrolidinone (Aldrich) onto a 10 μm thick Cu-foil current 
collector from Circuit foil Luxembourg. The tape caster was a “K Control Coater” from 
Printcoat instruments. The casts were then dried in a vacuum oven at 120 oC overnight. 
The thickness of the dried casts was about 70 µm. 
 
The electrolytes were made using varying amounts (in weight %) of ethylene carbonate 
(Sigma-Aldrich, > 99 %), diethyl carbonate (Aldrich, > 99 %), vinylene carbonate (VC) 
(Aldrich, 97 %), ethyl methyl carbonate (Merck, > 99 %), and dimethyl carbonate 
(Sigma-Aldrich, > 99 %) with 0.9 M LiPF6 (Aldrich, > 99.99 %) 
 
The electrochemical measurements for the impedance were performed using a three- 
electrode cell of the model “HS-3E test cell” by Hohsen Corp.  The cells were 
assembled in inert atmosphere inside an argon-filled glove-box (O2 and H2O < 0.1 ppm) 
and consisted of a graphite working electrode (2.01 cm2) with a loading of about 3 
mg/cm2, separator (Celgard® 2320), 0.75 mm thick lithium foil (1.54 cm2) as counter 
electrode, and a lithium strip as a reference electrode. All potentials are reported vs. 
Li/Li+ unless otherwise specified. Initial SEI formation was formed galvanostatically 
with a model 4200 potentiostat from Maccor. Initial current of 10 mAh/g, cycled 
between 5 and 1500 mV, followed by four reduction/oxidation cycles, at a constant 
current of 46.5 mAh/g, to ensure complete SEI formation. Electrochemical impedance 
was performed with Zahner IM6 potentiostat. The frequency was varied from 5-10 mHz 
to 1 MHz with an amplitude of 5 mV. All experiments were performed at room 
temperature (18-24 oC) unless otherwise specified.  
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6.4 Results 
 
Fig. 6.3 shows EIS of graphite SLP30 during the first cycle in 1:1 EC:DEC + 1% VC + 
0.9M LiPF6 electrolyte. Fig. 6.4 shows the differential capacity for the same system 
during initial intercalation of lithium ions into graphite. The inset in Fig. 6.4 is a 
magnified view of the initial solution reduction related to the reduction of solvent 
species (SEI formation). This reduction occurs at 0.8 V according to the figure. Lithium 
intercalation proceeds in various intercalation stages [29]. These can be observed as 
peaks at 0.18 V, 0.08 V and 0.05 V in Fig. 6.4.  The changes in the impedance response 
upon cycling in Fig. 6.3 can be related to reduction of electrolyte species and formation 
of the solid electrolyte interphase around 1000 and 500 mV.  
 
Most notably we observe a resistance decrease upon lowering the potential. There is 
also a shift in the characteristic frequency upon approaching the potential where lithium 
intercalation begins, a behaviour previously observed in the literature [11]. This 
resistance decrease is more clearly observed in Fig. 6.5, showing the impdance at 1.5 V 
before and after SEI formation. Here it is also clear that the electrolyte resistance (high 
frequency intercept) seems to decrease after SEI formation. 
 
 
Figure 6.3. Electrochemical impedance spectroscopy of graphite SLP30 in 1:1 EC:DEC 
+ 1% VC + 0.9M LiPF6 electrolyte.  
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In comparison, Fig. 6.6, shows the impedance before and after SEI formation for 
graphite G8. We observed the same resistance decrease here, both for the depressed 
semi-circle and electrolyte resistance. Notably, the inset in Fig. 6.6 shows the 
emergence of two semi-circles, in comparison with only the one for SLP30 (inset in Fig. 
6.5).  
According to the differential capacity plot of G8 in Fig. 6.7, there are no significant 
reactions before around 0.8 V, which is the solvent reduction. According to this figure 
lithium intercalation starts around 0.16 V. During the first cycle, there can be a 
reduction of trace O2 around 2.0 V (forming insoluble lithium oxide), followed by trace 
elements of water reducing around 1.5 V (forming LiOH) , followed by salt and solvent 
reduction between 1.6-1.5 V and down to 0.5 V [30]. However, no significant response 
is observed in either Fig. 6.4 or 6.7, until around 0.7-0.8 V. The impedance response at 
1500 mV, could be attributed to adsorption processes, as was successfully modelled by 
La Mantia [24]. But one cannot rule out the fact that solvated lithium species have 
already started to co-intercalate at this potential. 
 
 
 
 
Figure 6.6. Nyquist plot at 1.5 V for graphite G8 in 4:3:3 EC:DMC:EMC + 0.9 M 
LiPF6 electrolyte before and after SEI formation. The inset is a magnified view of the 
high frequency region. 
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Figure 6.7. Differential capacity during the initial cycle of graphite G8 in 4:3:3 
EC:DMC:EMC + 0.9 M LiPF6 electrolyte at 10 mAh/g. The inset is a magnified view of 
the high potential region.  
 
The two semi-circles observed with graphite G8, allows for further studies of how the 
HF semi-circle (usually attributed to the SEI film) and MF semi-circle of a porous 
graphite electrode changes with time and temperature. Notably, this separation of two 
circles has also been observed previously in literature of two similar electrodes with 
different electrolyte salt [31]. In that study this was related to different resistivity of the 
SEI film, (allowing for the separation of two time constants) due to differences in the 
properties of the SEI formed with the two salts.  
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Figure 6.8. EIS of graphite G8 at various potentials in 4:3:3 EC:DMC:EMC + 0.9 M 
LiPF6 electrolyte. 
 
Fig. 6.8 shows the impedance response of G8 at three different potentials. We choose to 
fit the high and middle frequency range separate from the low frequency range, using 
conventional circuits, as in Fig. 6.9. This is almost the same circuit as in Fig. 6.2, except 
the diffusion element related to the low frequency range has been removed. ZSimpWin 
software (from Princeton applied research) was used in the fitting procedure. 
 
 
Figure 6.9. EQC emloyed in the fitting of the high and middle frequency area. 
R(RC)(RC). 
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After the fit is made it becomes possible to evaluate the respective resistances, for 
examples as function of number of cycles. The resistance increase, especially due to the 
SEI, is believed to be one of the main reasons why battery capacity fades with time. In 
Fig. 6.10, a typical EIS at 0.12 V of G8 is fitted with an equivalent circuit similar to Fig. 
6.9. Notably, the capacitance (C) is sometimes replaced by a constant phase element 
(Q), to provide a better fit. The physical meaning of a constant phase element is debated 
[32-35], but some say that it may fit well with a system which has a distribution of time 
constants [35]. This description fits well with a heterogeneous graphite surface, with 
varying film thickness and composition. Therefore, the use of a constant phase element 
can be justified. The HF resistance (Rhf), MF resistance (Rmf), and the electrolyte 
resistance (Re) has been plotted as a function of number of cycles in the cell in Fig. 
6.11. 
 
Fig. 6.12 shows the same EIS fit at 0.9 V. Notably, here it is possible to separate an 
additional semi-circle, the low frequency resistance (Rlf). Also here these resistances 
seem to increase with increasing number of cycles (Fig. 6.13) 
 
 
 
Figure 6.10.  EIS graphite G8 at 0.12V in 4:3:3 EC:DMC:EMC + 0.9 M LiPF6 
electrolyte after initial SEI formation. Data is fitted with Zsimpwin using a R(RC)(RC) 
circuit element. 
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Figure 6.11.  Rhf, Rmf and Re at 0.12 V of graphite G8 in 4:3:3 EC:DMC:EMC + 0.9 M 
LiPF6 electrolyte as function of cell cycles. 
 
 
Figure 6.12.  EIS graphite G8 at 0.9V in 4:3:3 EC:DMC:EMC + 0.9 M LiPF6 
electrolyte after intital SEI formation. Data is fitted with Zsimpwin using a 
R(RC)(RC)(RC) element. 
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Figure 6.13.  Rhf, Rmf and Re at 0.9 V of graphite G8 in 4:3:3 EC:DMC:EMC + 0.9 M 
LiPF6 electrolyte as function of cell cycles. 
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In Fig. 6.14 the impedance spectra as a function of temperature are plotted. The fitted 
resistances in Fig. 6.15 allows for a more clear separation of the contribution to the HF 
semi-circle and the MF semi-circle as a function of temperature. From this it becomes 
quite clear that it is the middle frequency arc (MF), which in literature is attributed to 
charge transfer processes, is increasing the most upon temperature decrease. 
 
 
 
Figure 6.14. EIS response of graphite G8 in 4:3:3 EC:DMC:EMC + 0.9 M LiPF6 
electrolyte at 40, 20, 10, and 0 oC. 
 
 
From the values in Fig. 6.15, it is possible to estimate the activation energy from the 
contribution of the HF and MF resistances using an Arrhenius expression following the 
method by Abe et.al [15, 16], as shown in Fig. 6.16. Notably, the values at 40 oC 
deviate from linearity, and were therefore removed to achieve a better fit. From the 
slopes in Fig. 6.16, an activation energy of 67.1 kJ/mol was estimated from the MF 
resistances and 39.1 kJ/mol from the HF resistances. The MF activation energy is 
similar to studies of binary electrolytes with 40 % EC content [14]. 
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Figure 6.15.  Rhf, Rmf and Re at 0.12 V of graphite G8 in 4:3:3 EC:DMC:EMC + 0.9 M 
LiPF6 electrolyte as function of temperature. 
 
 
Figure 6.16.  Arrhenius plot for high and middle frequency resistances. 
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Fig. 6.17 shows how the cell capacity varies as a function of number of cycles for the 
system in question. Notably, the capacity experiences an initial increase before decaying 
over time. The initial increase is related to SEI formation during the initial cycles. 
 
Figure 6.17.  Capacity of graphite G8 in 4:3:3 EC:DMC:EMC + 0.9 M LiPF6 
electrolyte as function of cell cycles at 10 mAh/g. 
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Diffusion coefficients were estimated at 0.12 and 0.9 V using both the traditional 
Warburg approach from the semi-infinite region and by using the porous intercalation 
model, as previously discussed [19, 22, 23]. As seen in Fig. 6.18, the diffusion 
coefficients at 0.12 V were estimated to 8.5·10-10 cm2/s with Warburg and 1.5·10-9 
cm2/s with porous intercalation model. At 0.9 V the values were estimated to 3.9·10-8 
cm2/s (semi-infinite) and 1.4·10-8 cm2/s (porous). 
 
 
 
Figure 6.18. Diffusion coefficients at 0.12 and 0.9 V for graphite G8 in 4:3:3 
EC:DMC:EMC + 0.9 M LiPF6 electrolyte at 20 
oC. Estimated from the high frequency 
semi-infinite region and using porous intercalation model. 
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6.5 Discussion 
 
Impedance spectra obtained during the initial cycle, as shown in Fig. 6.3, shows  how 
the resistance decreases upon SEI formation. This reduction of the resistance illustrates 
the improved kinetics of electrolyte reduction once the film formation process is 
initiated. Notably, the decrease in resistance after SEI formation for both SLP30 and G8 
(Fig. 6.5 and Fig. 6.6) could explain why the initial capacity in Fig. 6.17 increases 
slightly during the first 5 cycles, before eventually decreasing with further cycling. This 
indicates that it takes roughly 5 cycles for a complete SEI film to form. Further decay in 
capacity in Fig. 6.17, is due to the resistance increase in the cell.  The reduced 
electrolyte resistance (inset in Fig. 6.5 and Fig. 6.6) from before and after SEI formation 
is likely due to time difference between the spectra obtained before and after SEI 
formation. The impedance measurement obtained  after SEI formation indicate therefore 
that electrolyte resistance and/or contact resistance is improved, the former possibly due 
to better soaking of the separator with time and passage of current.   
Notably, we observed the emergence of two semi-circles for graphite G8, in Fig. 6.6, 
compared with SLP30, in Fig. 6.5. Further investigation of the relative contributions of 
the two semi-circles revealed the following: Both the high frequency area and middle 
frequency area experienced resistance increase upon cycling (Fig. 6.11) at 0.12 V. The 
same behavior was observed at 0.9 V (Fig. 6.13), only here a third semi-circle appeared 
as well. It is possible that this semi-circle is related to an increase in charge transfer 
resistance, previously observed in literature [6]. Another possible explanation is that it 
is related to the reduction of electrolyte species, since we are close to the potential 
where this is known to occur (Fig. 6.4 and 6.7). The resistance increase upon cycling for 
both the high frequency resistance (believed to be due to SEI) and middle frequency 
resistance (believed to be due to charge transfer) suggests that they are both somehow 
related to the SEI. Had there been a clear separation one would not expect a resistance 
increase for the charge transfer process with cycling, as this is mainly affected by other 
factors (such as potential, temperature and exchange current density). 
 
Investigations of the effect of temperature on the impedance spectra (Fig. 6.14) revealed 
that the middle frequency resistance is far more influenced by the temperature compared 
to the high frequency resistance (Fig. 6.15). The activation energy from the Arrhenius 
plot in Fig. 6.16 was estimated to a value of 67.1 kJ/mol for the middle frequency arc.  
This values is very similar to what is expected of electrolyte with 40 % cyclic 
carbonates [14]. This has been related to de-solvation energy and suggests that the 
middle frequency arc may also be significantly affected by the de-solvation process [7, 
14-16]. 
 
The diffusion coefficient estimated from the low frequency area gives reasonable results 
(Fig. 6.18). Differences between lithiated (0.12 V) and de-lithiated states (0.9 V) in 
these systems are reasonable, as a lower diffusion coefficient in a de-lithiated state 
would be expected due to easier lithium ion transport. Differences between the two 
methods are expected as the porous model provides better fit with the curvature in the 
low frequency region. However they are quite similar and within reasonable values for 
what is expected. 
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There is a slight deviation at 0.9 V between the traditional Warburg approach and the 
porous intercalation model. This is expected as the traditional Warburg approach 
requires knowledge on the open circuit potential varies with lithium concentration, 
(∂U/∂cs). The slope is very steep at this high potential, which may cause inaccurate 
estimates. In addition the Warburg approach is also more applicable in cases where low 
frequency slope is close to 45o, which is the case at 0.12 V, but not at 0.9 V. Therefore 
we rely more on the estimates provided by the porous intercalation model. In addition, 
the values obtained are notably smaller than what is expected for solution diffusion 
(around 10-6 cm2/s [36]), which would improve the accuracy of our solid phase 
diffusion estimates, as it is less likely that there is an influence from solution diffusion. 
The assumption that solution diffusion is negligible is therefore reasonable. 
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6.6 Conclusion 
 
Impedance spectra of SLP30 show only one semi-circle at all potentials. This suggests 
that the processes occurring in this system have similar time constants. By changing the 
surface of the graphite (from SLP30 to G8) and/or electrolyte the impedance spectra 
could be resolved into two semi-circles close to the intercalation potential. These were 
termed high frequency (HF) arc and middle frequency (HF) arc. This separation allowed 
for further study of how these resistances evolved with time/cycling. 
 
The middle frequency resistance was found to have the strongest temperature 
dependence. This resistance increased exponentially with decreasing temperature. 
Arrhenius plots revealed an activation energy of around 67.1 kJ/mol, which is in 
accordance with similar studies [7, 14-16], and indicate a contribution from de-solvation 
energy.  
 
The estimated diffusion coefficient, based on fit to a porous intercalation model for the 
G8 graphite, was 1.5·10-9 cm2/s at 0.12 V (medium SOC), which is in good agreement 
with values reported in the literature, and reasonable for solid state diffusion. The values 
obtained at 0.9 V (low SOC) were one order of magnitude higher, as expected. 
  
All the resistances extracted from the impedance spectra in this study increased with 
time/cycling. Hence, the common belief that the HF arc and the MF arc are related to 
the surface film and the charge transfer resistance, respectively, do not hold. If this was 
the case it would have been reasonable to expect that the resistance attributed to charge 
transfer would remain constant with time/cycling. There is no foreseeable reason why 
the charge transfer should change, and therefore this resistance must contain 
contributions from both the surface film and the charge transfer resistance. These results 
suggest that the SEI takes a more active role in both resistance contributions, or that the 
charge transfer is more influenced by the SEI (i.e. by a de-solvation process or by 
changing the available surface area). 
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7. Electrochemical impedance 
spectroscopy of a porous graphite 
electrode used for Li-ion batteries with 
EC/PC based electrolytes 
 
This chapter is published in ECS Transactions [1]. Layout may have been changed to 
improve readability, but the text and figures remain the same 
 
7.1 Summary 
 
Electrochemical impedance spectroscopy has been employed to investigate different 
electrolyte compositions used for lithium-ion batteries. Diffusion coefficients in 
ethylene carbonate (EC) was estimated to be in order of 10-7-10-11 cm2/s, depending on 
the state of charge (SOC), and propylene carbonate (PC) based electrolytes has been 
estimated to be in the order 10-10-10-11 cm2/s. Lithium bis(oxalato) borate (LiBOB) was 
used as an additive in the PC electrolytes to prevent exfoliation 
 
 
7.2 Introduction 
 
Lithium-ion batteries (LIB) are and have been an important power source for portable 
electronic applications for many years, but they have not been widely used for large 
scale applications like electrical vehicles (EV). The main reasons for this are safety 
issues, cycle life, cost, irreversible capacity loss (ICL), and poor thermal stability. 
Graphite has been the main choice for anode material in lithium ion batteries mainly 
because of its low cost and availability. It is therefore the material of choice for the 
current investigations. 
 
Many of the problems of LIB are related to the formation of a solid electrolyte 
interphase [2] (also called SEI layer) on the anode. SEI is a passivating film that forms 
during the first cycle of operation and consists mainly of decomposed species from the 
electrolyte. Its formation is important, as it protects the graphite from exfoliation. 
However, SEI is also the reason for most of the ICL since electrolyte species are 
trapped in the SEI film, and it can slow down or partially hinder diffusion of Li ions to 
and from the anode. In addition, the exothermic decomposition of the SEI at elevated 
temperatures contributes to decreased thermal stability of the battery and can cause 
thermal runaway.  
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With regards to thermal stability the choice of electrolyte is very important. Ethylene 
carbonate (EC) based electrolytes are often a common choice. Unfortunately, EC does 
not work well at low temperatures as it solidifies and the conductivity drops to 
practically zero [3]. Propylene carbonate (PC) based electrolytes on the other hand, can 
operate at much lower temperatures than EC. The drawback of using PC is that it does 
not protect the graphite as well as EC against exfoliation, which causes a large capacity 
loss of the anode. LiBOB was therefore used as an electrolyte additive to help protect 
the graphite against exfoliation [4]. 
 
In this study, electrochemical impedance spectroscopy has been employed to find values 
for the diffusion coefficient estimated from the high frequency area. We have used a 
mathematical model previously developed by Meyers et.al [5], describing porous 
intercalation electrodes. 
 
The goal has been to optimize this method to make it a valuable tool for quick 
characterization of different LIB systems with special attention towards electrolyte 
composition and its effect on SEI formation, which again influences the thermal 
stability. 
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7.3 Experimental 
 
Graphite SLP30 was used as received from TIMCALTM. The SLP30 graphite electrodes 
were prepared by tape casting a slurry consisting of 37 g SLP30, 2 g PVDF (Kynar), 1 g 
Super P (TIMCALTM), and 60 g 1-methyl-2-Pyrrolidinone (Aldrich) onto a 10 μm thick 
Cu-foil current collector from Circuit foil Luxembourg. The tape caster was a “K 
Control Coater” from Printcoat instruments. The casts were then dried in a vacuum 
oven at 120 oC overnight. The thickness of the casts was about 60 µm. 
 
The electrolytes were made using varying amounts (see Table 7.1) of ethylene 
carbonate (Sigma-Aldrich), diethyl carbonate (Aldrich), vinylene carbonate (VC) 
(Aldrich) and propylene carbonate (Sigma-Aldrich) with either 1 M LiPF6 (Aldrich, 
>99.99%) or 1 M (0.95 LiPF6 + 0.05 LiBOB) where Lithium bis-(oxalato) borate 
(Chemetall) contributed 5 wt% and LiPF6 95 wt%. 
 
The electrochemical measurements for the impedance and cyclic voltammetry were 
performed using a three- electrode cell of the model “HS-3E test cell” by Hohsen Corp.  
The cells assembled in inert atmosphere inside an argon-filled glove-box (O2 and H2O < 
0.1 ppm). The cells consisted of a graphite working electrode (2.01 cm2) with a loading 
of about 3 mg/cm2, separator (Celgard® 2320), 0.75 mm thick lithium foil (1.54 cm2) as 
counter electrode, and a lithium strip as a reference electrode. All potentials are reported 
vs. Li/Li+ unless otherwise specified. Cyclic and linear voltammetry, and 
electrochemical impedance were performed using a Reference 600 potentsiostat from 
Gamry instruments. The initial intercalation processes were performed by cyclic 
voltammetry at 0.2 mV/s between 0.005 and 1.5 V. Impedance measurements were 
performed at 100 and 1500 mV. The frequency was varied from 10 mHz to 1 MHz with 
an amplitude of 5 mV. All experiments were performed at room temperature (18-24 oC) 
unless otherwise specified  
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7.4 Results and discussion 
 
Fig. 7.1 illustrates a typical Nyquist plot from impedance measurements at 1500 mV 
before cycling.  
 
 
Figure 7.1. Electrochemical impedance spectroscopy of graphite SLP30 at 1500 mV 
before cycling(made by TIMCALTM). The fit is based on the single particle model 
presented by Meyers et al.[5]. 
 
The diffusion coefficients are estimated from the high frequency area of the impedance 
plots. From Meyers et al. [5] it was found that the faradaic impedance for a single 
particle with a resistive film formation in the high frequency area can be described by 
Eq. 7.1. 
 
 
              Zfaradaic≈Rct,1+Rpart/√(2Ω)(1-j)=Rct,1+(-∂U/∂cs)(1/F)(2ωDs)
-1/2(1-j)          (7.1) 
 
 
From Eq. 7.1 it becomes clear that a plot of either the real or the imaginary part of the 
impedance vs. ω-1/2 will give a straight line for the high frequency area. Fig. 7.2 is a plot 
of the real and imaginary part of the impedance vs. ω-1/2 for graphite SLP30 in in 1:1 
EC:DEC 1M LiPF6 electrolyte at 1500 mV. 
 
 131 
 
 
Figure 7.2. Electrochemical impedance spectroscopy of graphite SLP30 at 1500 mV in 
1:1 EC:DEC 1M LiPF6 electrolyte at 1500 mV. 
 
According to Eq. 7.1 the data points for the real and imaginary part should be linear. It 
is clear from Fig. 2 that this is not the case. The imaginary part is in general more linear 
than the real part and was therefore used as the basis of our analysis. Sunde et al. [6] 
argues that it is better to base the impedance results on the imaginary part rather than the 
real part but that it is necessary to estimate the magnitude inductances disturbing the 
data at high frequency. In future work these inductances should be estimated and 
consequently subtracted.  
 
With knowledge of how the concentration of intercalating species varies with the open 
circuit potential we can extract the diffusion coefficients from the slopes in Fig. 2 by 
combining it with Eq. 7.1. Table 7.1 summarizes different diffusion coefficients found 
by this approach. The measurements are done with three different electrolyte 
compositions and at two different potentials to investigate the difference in a sample 
with low and high state of charge (SOC). 
 
 
Table 7.1 Diffusion coefficient with various electrolytes at 1500 and 100 mV 
Potential/ 
Electrolyte 
1:1 EC:DEC 1M LiPF6 1:1 EC:DEC 1M LiPF6 + 
1% VC 
1:1 PC:DEC + 1 M (0.95 
LiPF
6
 + 0.05 LiBOB) 
1500 mV 9.38∙10-7 cm2/s 1.9∙10-8 cm2/s 1.69∙10-10 cm2/s 
100 mV 6.95∙10-11 cm2/s 1.51∙10-10 cm2/s 5.02∙10-11 cm2/s 
 
 
From Table 7.1 we see that for all the samples the diffusion coefficients are lower for 
high SOC (100mV). This is reasonable since the lithium ions will face greater resistance 
 132
in a lithiated sample compared to a de-lithiated sample. The sample with PC electrolyte 
shows considerably lower diffusion coefficients both at high and low SOC. Here, the 
addition of LiBOB did not protect the graphite completely from exfoliation. This can be 
seen in Fig. 7.3, where the area under the CV curve during the second cycle is far 
smaller than the initial cycle, indicating significant charge loss (most likely due to 
exfoliation).  
 
 
Figure 7.3. CV of graphite SLP30 for 1 M (0.95 LiPF6 + 0.05 LiBOB) dissolved in 1:1 
PC:DEC cycled at 0.01 mV/s. 
 
The addition of VC yields a slightly lower diffusion coefficient at low SOC than the 
electrolyte without VC, but a higher diffusion coefficient at high SOC. This may be 
explained by VC initially adsorbing on the surface of the graphite, inhibiting the 
diffusion slightly, but as we go down in potential and the SOC is increasing, VC helps 
the diffusion indirectly by creating a more stable SEI layer and a more ordered 
structure. It is however difficult to conclude anything since these values are very similar 
and could be within experimental uncertainties 
 
It should be mentioned that the extraction of diffusion coefficients by this method is 
very sensitive to the rate of change of the potential as a function of Li concentration in 
the graphite (-∂U/∂cs in Eq. 7.1). This value will naturally be very large when the 
graphite is de-lithiated and become smaller as the SOC is increasing. In addition, since 
we are extracting the data from the high frequency area, we are only investigating the 
outer surface of the graphite particles and not the solid state diffusion to the centre of 
the particle. This may cause complications since at the surface we also have the SEI 
layer. Further investigations are therefore needed to take this into account and separate 
these effects. 
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7.5 Conclusion 
 
Diffusion coefficients estimated from the high frequency area of the impedance plots for 
graphite SLP30 in various electrolytes has been presented. The value for how the open 
circuit potential varies with lithium concentration (∂U/∂cs) is very dependent on SOC 
and therefore may cause uncertainties in the data, especially at low SOC where this 
value is very large and may change rapidly. Disturbances in the impedance data due to 
inductances should be estimated and corrected for in future work to ensure higher 
accuracy of the calculations. 
 
Reasonable diffusion coefficients have been found for graphite SLP30. This method 
proves to be a useful tool when the goal is to compare different electrolyte compositions 
and perhaps also how various additives affect the transport mechanism at different SOC. 
In conclusion this is a useful technique that allows us to study the surface diffusion of 
graphite particles. However care must be taken when interpreting the data as 
inductances and the ∂U/∂cs slope may cause erroneous results. Therefore the calculated 
diffusion coefficients should be regarded as estimates rather than exact values. 
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8. Summary and main conclusions 
 
The initial part of this work aimed to investigate the effect of surface properties, 
employing a relatively new technique (DFT) to investigate the ratio of edge/basal planes 
and defect surface area of graphite, and relate this to their electrochemical and thermal 
properties. In the investigation of surface properties by DFT and thermal behavior the 
main results indicate a strong correlation between thermal response and BET surface 
area. However, contrary to the initial hypothesis, the thermal initiation of exothermic 
reactions was not significantly affected by the ratio of edge/basal planes. However, the 
ratio of high ICL combined with low surface area showed promising thermal properties 
with respect to heat evolution.  
 
The main conclusions regarding thermal stability are that a larger surface area caused a 
higher thermal response related to a higher amount of SEI on the surface.  The first 
exothermic reaction is very dependent on the SEI. A high ICL, which would indicate a 
large of amount of SEI, generally caused a higher thermal response in terms of more 
evolved heat. However a high ICL combined with a low surface area indicated a 
graphite surface which was highly passivating, and this seemed to be very beneficial 
with regards to total heat evolved.  A high EC content caused the exothermic response 
to initiate at higher temperatures for graphite SLP30.  However, this was not the case 
for G8 and P5. The reason for this was due to the total edge/defect surface area in 
relation with the total amount of EC in the solution. G8 and P5 have far less 
edge/defects sites available for EC reduction, and probably reached a saturation point 
already with small amount of EC in the electrolyte. SLP30, which has far more 
edge/defect sites compared to G8 and P5, showed improved thermal stability with a 
higher EC content, which then is related to far better passivation of the edge/defect sites 
here compared to with smaller amounts of EC. 
 
The second part of this work aimed to identify good electrolytes for low temperature 
performance, and locate electrolyte compositions which would perform well both at low 
temperatures and for extended periods of time. In addition, the effect of temperature 
cycling on degradation was investigated. 
 
One of the main conclusions regarding electrolyte choice and its effect on the thermal 
and electrochemical performance; The EC content seem to be very important, especially 
for long term stability. This is due to the passivating nature of the EC reduction product. 
The low temperature studies on capacity fade indicate that cells cycled at various 
temperatures experience a higher capacity fade compared to cells cycled at room 
temperature. Higher probability of lithium plating at low temperatures could cause this, 
as this can facilitate extended SEI formation and electrolyte reduction. This can lead to 
pressure build-up and exfoliation. Decrease in capacity at lower temperature is related 
to the potential shift due to decreased conductivity of the electrolyte. However the 
conductivity cannot explain the entire shift alone and other properties are contributing. 
These could be; Lithium transport through the SEI, charge transfer and de-solvation 
energy. The relative contributions of these could not be determined, as impedance 
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measurement only showed one large semi-circle. This indicates that for SLP30 the SEI 
and charge transfer process have similar time constants. 
 
The final part of the work then focuses on the impedance of graphite G8, as it was 
discovered that in this system, the high frequency and middle frequency semi-circle 
were in fact separated. This allowed for further study of the relative contributions of 
these processes. , giving rise to these semi-circles.  
 
Some of the main conclusions regarding EIS studies are; The high and middle 
frequency resistances are possible to separate, provided one obtain a beneficial 
electrolyte/electrode interphase, and the resistance through the SEI film is such that it 
allows for a different time constant compared to the charge transfer processes. Once 
these are separated one can study how the various contributions of HF arc and MF arc 
evolve with cycling and time. The main conclusion here is that they both increase with 
time, contrary to popular belief. The middle frequency arc was far more temperature 
dependent, and Arrhenius plots gave an activation energy of 67.1 kJ/mol, which is 
similar to previous studies with 40% EC, indicating a contribution from the de-solvation 
energy in the middle frequency arc. Both the high frequency and middle frequency 
resistance increased with time. This, combined with the temperature dependence of the 
middle frequency arc, further indicates the influence of a de-solvation energy 
contribution to the middle frequency arc, in addition to the charge transfer. This 
resistance increase correlated well with capacity fade from cycling, and can explain why 
the battery capacity eventually fades with time and cycling. Reasonable diffusion 
coefficients were extracted using both traditional methods and porous intercalation 
models. 
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Appendix 
A.1 Abbreviations and Acronyms 
 
BET: Brunauer, Emmet, Teller 
C: Capacitance 
CE: Counter electrode  
CNLS: Complex nonlinear least squares 
CPE: Constant phase element, also denoted (Q) 
d: Interlayer distance 
DEC: Diethyl carbonate 
DFT: Density functional theory 
DMC: Dimethyl carbonate 
DSC: Differential scanning calorimetry  
EA: Electron affinity or ethyl acetate 
EC: Ethylene carbonate 
EIS: Electrochemical impedance spectroscopy 
EMC: Ethyl methyl carbonate 
EQC: Equivalent circuit 
EV: Electrical vehicle 
FTIR: Fourier transform infrared spectroscopy 
GIC: Graphite intercalation compounds 
HEV: Hybrid electric vehicle 
HOPG: Highly ordered pyrolytic graphite 
HRTEM: High-resolution transmission electron microscopy 
HT: Heat treatment 
ICL: Irreversible capacity loss 
La: Crystallite size along the graphene layers 
Lc: Crystallite size perpendicular to the graphene layers 
LIB: Lithium ion batteries 
LECO: (Leco TC-436) Oxygen-Nitrogen Analyzer 
NE: Negative electrode 
NMP: 1-Methyl-2-pyrrolidone  
OCV: Open circuit voltage 
PE: Positive electrode  
PC: Propylene carbonate 
PSD: Particle size distribution 
PVDF: Polyvinylidene difluoride 
RA: Radical anion  
Re: Electrolyte resistance  
RE: Reference electrode 
Rhf: High frequency resistance 
Rlf: Low frequency resistance 
Rmf: Middle frequency resistance 
RT: Room temperature 
SD: Standard deviation 
SEM: Scanning electron microscopy 
SEI: Solid electrolyte interphase 
SOC: State of charge 
VC: Vinylene carbonate 
WE: Working electrode 
XRD: X-ray diffraction 
XPS: X-ray photoelectron spectroscopy 
Å: Ångstrom 
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